Multimodel Ensembles of Wheat Growth: More Models are Better than One by Grant, Robert F. et al.
For Review Only






0XOWLPRGHOHQVHPEOHVRIZKHDWJURZWKPRUHPRGHOVDUH
EHWWHUWKDQRQH


-RXUQDO *OREDO&KDQJH%LRORJ\
0DQXVFULSW,' 'UDIW
:LOH\0DQXVFULSWW\SH 3ULPDU\5HVHDUFK$UWLFOHV
'DWH6XEPLWWHGE\WKH$XWKRU QD
&RPSOHWH/LVWRI$XWKRUV 0DUWUH3LHUUH,15$805*'(&
:DOODFK'DQLHO,15$805$JURV\VWqPHVHW'pYHORSSHPHQW
7HUULWRULDO
$VVHQJ6HQWKROG8QLYHUVLW\RI)ORULGD$JULFXOWXUDO	%LRORJLFDO
(QJLQHHULQJ'HSDUWPHQW
(ZHUW)UDQN&URS6FLHQFH,15(6
-RQHV-LP8QLYHUVLW\RI)ORULGD$JULFXOWXUDO	%LRORJLFDO(QJLQHHULQJ
'HSDUWPHQW
5|WWHU5HLPXQG077$JULIRRG5HVHDUFK)LQODQG3ODQW3URGXFWLRQ
5HVHDUFK
%RRWH.HQQHWK-8QLYHUVLW\RI)ORULGD8QLYHUVLW\RI)ORULGD$JULFXOWXUDO
	%LRORJLFDO(QJLQHHULQJ'HSDUWPHQW
5XDQH$OH[1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ*RGGDUG
,QVWLWXWHIRU6SDFH6WXGLHV
7KRUEXUQ3HWHU&6,52
&DPPDUDQR'DYLGH8QLYHUVLW\RI)ORULGD'HSDUWPHQWRI$JULFXOWXUDODQG
%LRORJLFDO(QJLQHHULQJ
+DWILHOGMHUU\86'$$561/$(
5RVHQ]ZHLJ&\QWKLD1$6$*,66&OLPDWH,PSDFWV*URXS1DWLRQDO
$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ*RGGDUG,QVWLWXWHIRU6SDFH6WXGLHV
$JJDUZDO3,QWHUQDWLRQDO:DWHU0DQDJHPHQW,QVWLWXWH&RQVXOWDWLYH
*URXSRQ,QWHUQDWLRQDO$JULFXOWXUDO5HVHDUFK5HVHDUFK3URJUDPRQ&OLPDWH
&KDQJH$JULFXOWXUHDQG)RRG6HFXULW\
$QJXOR&DUORV&URS6FLHQFH,15(6
%DVVR%UXQR0LFKLJDQ6WDWH8QLYHUVLW\'HSDUWPHQWRI*HRORJLFDO
6FLHQFHVDQG.HOORJJ%LRORJLFDO6WDWLRQ
%HUWX]]L3DWULFN,15$86$JUR&OLP
%LHUQDWK&KULVWLDQ+HOPKROW]=HQWUXP0QFKHQ
%ULVVRQ1DGLQH,15$805$JURQRPLH
&KDOOLQRU$QGUHZ8QLYHUVLW\RI/HHGV,QVWLWXWHIRU&OLPDWHDQG
$WPRVSKHULF6FLHQFH6FKRRORI(DUWKDQG(QYLURQPHQW
'ROWUD-RUGL&DQWDEULDQ$JULFXOWXUDO5HVHDUFKDQG7UDLQLQJ&HQWUH
*D\OHU6HEDVWLDQ:(66FRPSHWHQFHFHQWUHU
*ROGEHUJ5LWFKLH1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ*RGGDUG
,QVWLWXWHIRU6SDFH6WXGLHV
*UDQW5REHUW8QLYHUVLW\RI$OEHUWD'HSDUWPHQWRI5HQHZDEOH5HVRXUFHV
+RRNHU-RVK8QLYHUVLW\RI5HDGLQJ6FKRRORI$JULFXOWXUH
+XQW$QWKRQ\8QLYHUVLW\RI*XHOSK'HSDUWPHQWRI3ODQW$JULFXOWXUH
Global Change Biology
https://ntrs.nasa.gov/search.jsp?R=20150000778 2019-08-31T14:32:39+00:00Z
For Review Only
,QJZHUVHQ-RDFKLP8QLYHUVLWlW+RKHQKHLP,QVWLWXWHRI6RLO6FLHQFHDQG
/DQG(YDOXDWLRQ
,]DXUUDOGH5REHUWR8QLYHUVLW\RI0DU\ODQG'HSDUWPHQWRI*HRJUDSKLFDO
6FLHQFHV
.HUVHEDXP&KULVWLDQ/HLEQL]&HQWHURI$JULFXOWXUDO/DQGVFDSH5HVHDUFK
,QVWLWXWHIRU/DQGVFDSH6\VWHPV$QDO\VLV
.XPDU1DUHVK,QGLDQ$JULFXOWXUDO5HVHDUFK,QVWLWXWH&HQWHUIRU
(QYLURQPHQW6FLHQFHDQG&OLPDWH5HVLOLHQW$JULFXOWXUH
1HQGHO&ODDV/HLEQL]&HQWHURI$JULFXOWXUDO/DQGVFDSH5HVHDUFK,QVWLWXWH
IRU/DQGVFDSH6\VWHPV$QDO\VLV
2
/HDU\*DUU\'HSDUWPHQWRI3ULPDU\,QGXVWULHV/DQGVFDSH	:DWHU
6FLHQFHV
2OHVHQ-RUJHQ$DUKXV8QLYHUVLW\'HSWRI$JURHFRORJ\DQG(QYLURQPHQW
2VERUQH7RP08QLYHUVLW\RI5HDGLQJ0HWHRURORJ\
3DORVXR7DUX077$JULIRRGUHVHDUFK)LQODQG
3ULHVDFN(FNDUW+HOPKROW]=HQWUXP0QFKHQ
5LSRFKH'RPLQLTXH,15$86$JUR&OLP
6HPHQRY0LNKDLO5RWKDPVWHG5HVHDUFK%LRPDWKHPDWLFVDQG
%LRLQIRUPDWLFV
6KFKHUEDN,XULL0LFKLJDQ6WDWH8QLYHUVLW\'HSDUWPHQWRI*HRORJLFDO
6FLHQFHVDQG.HOORJJ%LRORJLFDO6WDWLRQ
6WHGXWR3DVTXDOH)$2
6W|FNOH&ODXGLR
6WUDWRQRYLWFK3LHUUH5RWKDPVWHG5HVHDUFK%LRPDWKHPDWLFVDQG
%LRLQIRUPDWLFV
6WUHFN7KLOR8QLYHUVLWlW+RKHQKHLP,QVWLWXWHRI6RLO6FLHQFHDQG/DQG
(YDOXDWLRQ
6XSLW,ZDQ:DJHQLJQHQ8QLYHUVLW\(DUWK6\VWHP6FLHQFHV
7DR)
7UDYDVVR0DULD,17$&,51&OLPD\$JXD
:DKD.DWKDULQD3RWVGDP,QVW&OLPDWH,PSDFW5HV3,.*HUPDQ\
:KLWH-HIIUH\86'$$56$/$5&
:ROI-RRVW:DJHQLQJHQ8QLYHUVLW\3ODQW3URGXFWLRQ6\VWHPV
.H\ZRUGV (FRSK\VLRORJLFDOPRGHO(QVHPEOHPRGHOLQJPRGHOLQWHUFRPSDULVRQSURFHVVEDVHGPRGHOXQFHUWDLQW\ZKHDW7ULWLFXPDHVWLYXP/
$EVWUDFW
&URSPRGHOVRIFURSJURZWKDUHLQFUHDVLQJO\XVHGWRTXDQWLI\WKHLPSDFWRI
JOREDOFKDQJHVGXHWRFOLPDWHRUFURSPDQDJHPHQW7KHUHIRUHDFFXUDF\RI
VLPXODWLRQUHVXOWVLVDPDMRUFRQFHUQ6WXGLHVZLWKHQVHPEOHVRIFURS
PRGHOVFDQJLYHYDOXDEOHLQIRUPDWLRQDERXWPRGHODFFXUDF\DQG
XQFHUWDLQW\EXWVXFKVWXGLHVDUHGLIILFXOWWRRUJDQL]HDQGKDYHRQO\
UHFHQWO\EHJXQ:HUHSRUWRQWKHODUJHVWHQVHPEOHVWXG\WRGDWHRI
ZKHDWPRGHOVWHVWHGLQIRXUFRQWUDVWLQJORFDWLRQVIRUWKHLUDFFXUDF\LQ
VLPXODWLQJPXOWLSOHFURSJURZWKDQG\LHOGYDULDEOHV7KHUHODWLYHHUURU
DYHUDJHGRYHUPRGHOVZDVIRUWKHGLIIHUHQWHQGRIVHDVRQ
YDULDEOHVLQFOXGLQJJUDLQ\LHOG*<DQGJUDLQSURWHLQFRQFHQWUDWLRQ*3&
7KHUHZDVOLWWOHUHODWLRQEHWZHHQHUURURIDPRGHOIRU*<RU*3&DQGHUURU
IRULQVHDVRQYDULDEOHV7KXVPRVWPRGHOVGLGQRWDUULYHDWDFFXUDWH
VLPXODWLRQVRI*<DQG*3&E\DFFXUDWHO\VLPXODWLQJSUHFHGLQJJURZWK
G\QDPLFV(QVHPEOHVLPXODWLRQVWDNLQJHLWKHUWKHPHDQHPHDQRU
PHGLDQHPHGLDQRIVLPXODWHGYDOXHVJDYHEHWWHUHVWLPDWHVWKDQDQ\
LQGLYLGXDOPRGHOZKHQDOOYDULDEOHVZHUHFRQVLGHUHG&RPSDUHGWR
LQGLYLGXDOPRGHOVHPHGLDQUDQNHGILUVWLQVLPXODWLQJPHDVXUHG*<DQG
WKLUGLQ*3&7KHHUURURIHPHDQDQGHPHGLDQGHFOLQHGZLWKDQ
LQFUHDVLQJQXPEHURIHQVHPEOHPHPEHUVZLWKOLWWOHGHFUHDVHEH\RQG
PRGHOV:HFRQFOXGHWKDWPXOWLPRGHOHQVHPEOHVFDQEHXVHGWRFUHDWH
QHZHVWLPDWRUVZLWKLPSURYHGDFFXUDF\DQGFRQVLVWHQF\LQVLPXODWLQJ
JURZWKG\QDPLFV:HDUJXHWKDWWKHVHUHVXOWVDUHDSSOLFDEOHWRRWKHUFURS
VSHFLHVDQGK\SRWKHVL]HWKDWWKH\DSSO\PRUHJHQHUDOO\WRHFRORJLFDO
V\VWHPPRGHOV
Page 1 of 49 Global Change Biology
For Review Only



Page 2 of 49Global Change Biology
For Review Only


5XQQLQJKHDG0XOWLPRGHOHQVHPEOHVRIZKHDWJURZWK

0XOWLPRGHOHQVHPEOHVRIZKHDWJURZWKPRUHPRGHOVDUHEHWWHU
WKDQRQH

3,(55(0$575('$1,(/:$//$&+6(17+2/'$66(1*)5$1.(:(57
-$0(6:-21(65(,081'35g77(5.(11(7+-%227($/(;&58$1(
3(7(5-7+25%851'$9,'(&$00$5$12-(55</+$7),(/'&<17+,$
526(1=:(,*35$02'.$**$5:$/&$5/26$1*8/2%5812%$662
3$75,&.%(578==,&+5,67,$1%,(51$7+1$',1(%5,6621$1'5(:
-&+$//,125-25','2/75$6(%$67,$1*$</(55,&+,(*2/'%(5*
52%(57)*5$17/((+(1*-26++22.(5/(6/,($+817-2$&+,0
,1*:(56(152%(572&,=$855$/'(.857&+5,67,$1.(56(%$80
&+5,6723+0h//(56225$1$5(6+.80$5&/$$61(1'(/*$55<
2¶/($5<-5*(1(2/(6(1720026%251(7$583$/2682
(&.$5735,(6$&.'20,1,48(5,32&+(0,.+$,/$6(0(129,85,,
6+&+(5%$.3$648$/(67('872&/$8',2267g&./(3,(55(
675$72129,7&+7+,/2675(&.,:$1683,7)8/87$20$5,$
75$9$662.$7+$5,1$:$+$-())5(<::+,7(DQG-2267:2/)
,15$805*HQHWLFV'LYHUVLW\DQG(FRSK\VLRORJ\RI&HUHDOV*'(&FKHPLQGH
%HDXOLHX)&OHUPRQW)HUUDQG)UDQFH%ODLVH3DVFDO8QLYHUVLW\805*'(&
)$XELqUH)UDQFH,15$805$JURV\VWqPHVHW'pYHORSSHPHQW7HUULWRULDO)
&DVWDQHW7RORVDQ)UDQFH$JULFXOWXUDO	%LRORJLFDO(QJLQHHULQJ'HSDUWPHQW
8QLYHUVLW\RI)ORULGD*DLQHVYLOOH)/,QVWLWXWHRI&URS6FLHQFHDQG5HVRXUFH
&RQVHUYDWLRQ8QLYHUVLWlW%RQQ'*HUPDQ\3ODQW3URGXFWLRQ5HVHDUFK077
$JULIRRG5HVHDUFK)LQODQG),0LNNHOL)LQODQG1DWLRQDO$HURQDXWLFVDQG6SDFH
$GPLQLVWUDWLRQ*RGGDUG,QVWLWXWHIRU6SDFH6WXGLHV1HZ<RUN1<&RPPRQZHDOWK
6FLHQWLILFDQG,QGXVWULDO5HVHDUFK2UJDQL]DWLRQ(FRV\VWHP6FLHQFHV'XWWRQ3DUN4/'
$XVWUDOLD1DWLRQDO/DERUDWRU\IRU$JULFXOWXUHDQG(QYLURQPHQW$PHV,$
&RQVXOWDWLYH*URXSRQ,QWHUQDWLRQDO$JULFXOWXUDO5HVHDUFK5HVHDUFK3URJUDPRQ&OLPDWH
&KDQJH$JULFXOWXUHDQG)RRG6HFXULW\,QWHUQDWLRQDO:DWHU0DQDJHPHQW,QVWLWXWH1HZ
'HOKL,QGLD'HSDUWPHQWRI*HRORJLFDO6FLHQFHVDQG.HOORJJ%LRORJLFDO6WDWLRQ
0LFKLJDQ6WDWH8QLYHUVLW\(DVW/DQVLQJ0,,15$86$JUR&OLP)
$YLJQRQ)UDQFH,QVWLWXWHRI6RLO(FRORJ\+HOPKROW]=HQWUXP0QFKHQ*HUPDQ5HVHDUFK
Page 3 of 49 Global Change Biology
For Review Only


&HQWHUIRU(QYLURQPHQWDO+HDOWK1HXKHUEHUJ'*HUPDQ\,15$805
$JURQRPLH)7KLYHUYDO*ULJQRQ)UDQFH$JUR3DULV7HFK805$JURQRPLH
)7KLYHUYDO*ULJQRQ)UDQFH,QVWLWXWHIRU&OLPDWHDQG$WPRVSKHULF6FLHQFH6FKRRO
RI(DUWKDQG(QYLURQPHQW8QLYHUVLW\RI/HHGV/HHGV/6-78.&*,$5(6633URJUDP
RQ&OLPDWH&KDQJH$JULFXOWXUHDQG)RRG6HFXULW\,QWHUQDWLRQDO&HQWUHIRU7URSLFDO
$JULFXOWXUH$$&DOL&RORPELD&DQWDEULDQ$JULFXOWXUDO5HVHDUFKDQG7UDLQLQJ
&HQWUH0XULHGDV6SDLQ:DWHU	(DUWK6\VWHP6FLHQFH&RPSHWHQFH&OXVWHUFR
8QLYHUVLW\RI7ELQJHQ'7ELQJHQ*HUPDQ\'HSDUWPHQWRI5HQHZDEOH
5HVRXUFHV8QLYHUVLW\RI$OEHUWD(GPRQWRQ$%&DQDGD7*(,QWHUQDWLRQDO$WRPLF
(QHUJ\$JHQF\9LHQQD$XVWULD6FKRRORI$JULFXOWXUH3ROLF\DQG'HYHORSPHQW
8QLYHUVLW\RI5HDGLQJ5*$58QLWHG.LQJGRP'HSDUWPHQWRI3ODQW$JULFXOWXUH
8QLYHUVLW\RI*XHOSK*XHOSK2QWDULR&DQDGD1*:,QVWLWXWHRI6RLO6FLHQFHDQG
/DQG(YDOXDWLRQ8QLYHUVLWlW+RKHQKHLP'6WXWWJDUW*HUPDQ\'HSDUWPHQWRI
*HRJUDSKLFDO6FLHQFHV8QLYHUVLW\RI0DU\ODQG&ROOHJH3DUN0',QVWLWXWHRI
/DQGVFDSH6\VWHPV$QDO\VLV/HLEQL]&HQWUHIRU$JULFXOWXUDO/DQGVFDSH5HVHDUFK'
0QFKHEHUJ*HUPDQ\3RWVGDP,QVWLWXWHIRU&OLPDWH,PSDFW5HVHDUFK'3RWVGDP
*HUPDQ\&HQWUHIRU(QYLURQPHQW6FLHQFHDQG&OLPDWH5HVLOLHQW$JULFXOWXUH,QGLDQ
$JULFXOWXUDO5HVHDUFK,QVWLWXWH1HZ'HOKL,QGLD/DQGVFDSH	:DWHU6FLHQFHV
'HSDUWPHQWRI3ULPDU\,QGXVWULHV+RUVKDP$XVWUDOLD'HSDUWPHQWRI$JURHFRORJ\
$DUKXV8QLYHUVLW\7MHOH'HQPDUN1DWLRQDO&HQWUHIRU$WPRVSKHULF6FLHQFH
'HSDUWPHQWRI0HWHRURORJ\8QLYHUVLW\RI5HDGLQJ5*%%8QLWHG.LQJGRP
&RPSXWDWLRQDODQG6\VWHPV%LRORJ\'HSDUWPHQW5RWKDPVWHG5HVHDUFK+DUSHQGHQ+HUWV
$/-48QLWHG.LQJGRP)RRGDQG$JULFXOWXUH2UJDQL]DWLRQRIWKH8QLWHG1DWLRQV
5RPH,WDO\%LRORJLFDO6\VWHPV(QJLQHHULQJ:DVKLQJWRQ6WDWH8QLYHUVLW\3XOOPDQ:$
(DUWK6\VWHP6FLHQFH&OLPDWH&KDQJH:DJHQLQJHQ8QLYHUVLW\$$7KH
1HWKHUODQGV,QVWLWXWHRI*HRJUDSKLFDO6FLHQFHVDQG1DWXUDO5HVRXUFHV5HVHDUFK&KLQHVH
$FDGHP\RI6FLHQFH%HLMLQJ&KLQD,QVWLWXWHIRU&OLPDWHDQG:DWHU,17$&,51
&DVWHODU$UJHQWLQD$ULG/DQG$JULFXOWXUDO5HVHDUFK&HQWHU86'$0DULFRSD$=
3ODQW3URGXFWLRQ6\VWHPV:DJHQLQJHQ8QLYHUVLW\$$:DJHQLQJHQ7KH
1HWKHUODQGV

&RUUHVSRQGHQFH3LHUUH0DUWUHWHOID[
HPDLOSLHUUHPDUWUH#FOHUPRQWLQUDIU
'U1DGLQH%ULVVRQSDVVHGDZD\LQZKLOHWKLVZRUNZDVEHLQJFDUULHGRXW
Page 4 of 49Global Change Biology
For Review Only


.H\ZRUGV(FRSK\VLRORJLFDOPRGHO(QVHPEOHPRGHOLQJPRGHOLQWHUFRPSDULVRQSURFHVV
EDVHGPRGHOXQFHUWDLQW\ZKHDW7ULWLFXPDHVWLYXP/
7\SHRISDSHU3ULPDU\5HVHDUFK 
Page 5 of 49 Global Change Biology
For Review Only


$EVWUDFW
&URSPRGHOVRIFURSJURZWKDUH LQFUHDVLQJO\XVHG WRTXDQWLI\ WKH LPSDFWRIJOREDOFKDQJHV
GXH WR FOLPDWH RU FURS PDQDJHPHQW 7KHUHIRUH DFFXUDF\ RI VLPXODWLRQ UHVXOWV LV D PDMRU
FRQFHUQ6WXGLHVZLWKHQVHPEOHVRIFURSPRGHOVFDQJLYHYDOXDEOHLQIRUPDWLRQDERXWPRGHO
DFFXUDF\ DQG XQFHUWDLQW\ EXW VXFK VWXGLHV DUH GLIILFXOW WR RUJDQL]H DQG KDYH RQO\ UHFHQWO\
EHJXQ:H UHSRUW RQ WKH ODUJHVW HQVHPEOH VWXG\ WRGDWHRI ZKHDWPRGHOV WHVWHG LQ IRXU
FRQWUDVWLQJ ORFDWLRQV IRU WKHLU DFFXUDF\ LQ VLPXODWLQJ PXOWLSOH FURS JURZWK DQG \LHOG
YDULDEOHV7KHUHODWLYHHUURUDYHUDJHGRYHUPRGHOVZDVIRUWKHGLIIHUHQWHQGRIVHDVRQ
YDULDEOHVLQFOXGLQJJUDLQ\LHOG*<DQGJUDLQSURWHLQFRQFHQWUDWLRQ*3&7KHUHZDVOLWWOH
UHODWLRQ EHWZHHQ HUURU RI DPRGHO IRU*< RU*3& DQG HUURU IRU LQVHDVRQ YDULDEOHV7KXV
PRVWPRGHOVGLGQRWDUULYHDWDFFXUDWHVLPXODWLRQVRI*<DQG*3&E\DFFXUDWHO\VLPXODWLQJ
SUHFHGLQJ JURZWK G\QDPLFV (QVHPEOH VLPXODWLRQV WDNLQJ HLWKHU WKH PHDQ HPHDQ RU
PHGLDQHPHGLDQRIVLPXODWHGYDOXHVJDYHEHWWHUHVWLPDWHVWKDQDQ\LQGLYLGXDOPRGHOZKHQ
DOO YDULDEOHV ZHUH FRQVLGHUHG &RPSDUHG WR LQGLYLGXDO PRGHOV HPHGLDQ UDQNHG ILUVW LQ
VLPXODWLQJPHDVXUHG*<DQGWKLUGLQ*3&7KHHUURURIHPHDQDQGHPHGLDQGHFOLQHGZLWK
DQ LQFUHDVLQJ QXPEHU RI HQVHPEOH PHPEHUV ZLWK OLWWOH GHFUHDVH EH\RQG  PRGHOV :H
FRQFOXGH WKDW PXOWLPRGHO HQVHPEOHV FDQ EH XVHG WR FUHDWH QHZ HVWLPDWRUV ZLWK LPSURYHG
DFFXUDF\ DQG FRQVLVWHQF\ LQ VLPXODWLQJ JURZWK G\QDPLFV :H DUJXH WKDW WKHVH UHVXOWV DUH
DSSOLFDEOHWRRWKHUFURSVSHFLHVDQGK\SRWKHVL]HWKDWWKH\DSSO\PRUHJHQHUDOO\WRHFRORJLFDO
V\VWHPPRGHOV

 
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,QWURGXFWLRQ
*OREDOFKDQJHZLWK LQFUHDVHGFOLPDWLFYDULDELOLW\ DUHSURMHFWHG WR VWURQJO\ LPSDFWFURSDQG
IRRGSURGXFWLRQEXWWKHPDJQLWXGHDQGWUDMHFWRU\RIWKHVHLPSDFWVUHPDLQXQFHUWDLQ7XELHOOR
HW DO  7KLV XQFHUWDLQW\ WRJHWKHUZLWK WKH LQFUHDVLQJ GHPDQG IRU IRRG RI D JURZLQJ
ZRUOG SRSXODWLRQ %ORRP  KDV UDLVHG FRQFHUQV DERXW IRRG VHFXULW\ DQG WKH QHHG WR
GHYHORS PRUH VXVWDLQDEOH DJULFXOWXUDO SUDFWLFHV *RGIUD\ HW DO  0RUH FRQILGHQW
XQGHUVWDQGLQJ RI JOREDO FKDQJH LPSDFWV LV QHHGHG WR GHYHORS HIIHFWLYH DGDSWDWLRQ DQG
PLWLJDWLRQ VWUDWHJLHV (DVWHUOLQJ HW DO  0HWKRGRORJLHV WR TXDQWLI\ JOREDO FKDQJH
LPSDFWVRQFURSSURGXFWLRQLQFOXGHVWDWLVWLFDOPRGHOV/REHOOHWDODQGSURFHVVEDVHG
FURSVLPXODWLRQPRGHOV3RUWHU	6HPHQRYZKLFKDUHLQFUHDVLQJO\XVHGLQEDVLFDQG
DSSOLHG UHVHDUFK DQG WR VXSSRUW GHFLVLRQ PDNLQJ DW GLIIHUHQW VFDOHV $QJXOR HW DO 
&KDOOLQRUHWDO.RHWDO5RVHQ]ZHLJHWDOE
'LIIHUHQWFURSJURZWKDQGGHYHORSPHQWSURFHVVHVDUHDIIHFWHGE\FOLPDWLFYDULDELOLW\YLD
OLQHDURUQRQOLQHDUUHODWLRQVKLSVUHVXOWLQJLQFRPSOH[DQGXQH[SHFWHGUHVSRQVHV7UHZDYDV
 ,W KDV EHHQ DUJXHG WKDW VXFK UHVSRQVHV FDQ EHVW EH FDSWXUHG E\ SURFHVVEDVHG FURS
VLPXODWLRQ PRGHOV WKDW TXDQWLWDWLYHO\ UHSUHVHQW WKH LQWHUDFWLRQ DQG IHHGEDFN UHVSRQVHV RI
FURSVWRWKHLUHQYLURQPHQWV%HUWLQHWDO3RUWHU	6HPHQRY:KHDWLVWKHPRVW
LPSRUWDQWVWDSOHFURSLQWKHZRUOGSURYLGLQJRYHURIWKHFDORULHVDQGSURWHLQVLQKXPDQ
GLHW )$267$7  ,W KDV WKHUHIRUH UHFHLYHG PXFK DWWHQWLRQ IURP WKH FURS PRGHOLQJ
FRPPXQLW\DQGRYHUZKHDWFURSPRGHOVDUHLQXVH:KLWHHWDO7KHVHGLIIHULQWKH
SURFHVVHV LQFOXGHG LQ WKH PRGHOV DQG WKH PHFKDQLVWLF GHWDLO XVHG WR PRGHO LQGLYLGXDO
SURFHVVHV OLNH HYDSRWUDQVSLUDWLRQ RU SKRWRV\QWKHVLV 7KHUHIRUH D WKRURXJK FRPSDUDWLYH
HYDOXDWLRQ RI PRGHOV LV HVVHQWLDO WR XQGHUVWDQG WKH UHOLDELOLW\ RIPRGHO VLPXODWLRQV DQG WR
TXDQWLI\DQGUHGXFHWKHXQFHUWDLQW\RIVXFKVLPXODWLRQV5|WWHUHWDO
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7KH:KHDW 3LORW VWXG\ $VVHQJ HW DO  RI WKH$JULFXOWXUDO0RGHO ,QWHUFRPSDULVRQ
DQG,PSURYHPHQW3URMHFW$J0,35RVHQ]ZHLJHWDOEFRPSDUHGWZHQW\VHYHQZKHDW
PRGHOVWKHODUJHVWHQVHPEOHRIFURSPRGHOVFUHDWHGWRGDWH7KHPRGHOVYDU\JUHDWO\LQWKHLU
FRPSOH[LW\ DQG LQ WKH PRGHOLQJ DSSURDFKHV DQG HTXDWLRQV XVHG WR UHSUHVHQW WKH PDMRU
SK\VLRORJLFDOSURFHVVHV WKDWGHWHUPLQHFURSJURZWKDQGGHYHORSPHQWDQG WKHLU UHVSRQVHV WR
HQYLURQPHQWDOIDFWRUVVHH7DEOH6LQVXSSOHPHQWDOLQ$VVHQJHWDO
$Q LQLWLDO VWXG\ $VVHQJ HW DO  DQDO\]HG WKH YDULDELOLW\ EHWZHHQ FURS PRGHOV LQ
VLPXODWLQJJUDLQ\LHOG*<XQGHUFOLPDWHFKDQJHVLWXDWLRQVZLWKRXWVSHFLILFDOO\LQYHVWLJDWLQJ
PXOWLPRGHO HQVHPEOH HVWLPDWRUVFRQVLGHULQJRWKHU HQGRIVHDVRQ DQG LQVHDVRQYDULDEOHV WR
EHWWHUMXVWLI\WKHLUSRVVLEOHDSSOLFDWLRQ7KHSUHVHQWDQDO\VLVXVHVWKHUHVXOWLQJGDWDVHWWRVWXG\
KRZWKHPXOWLPRGHOHQVHPEOHDYHUDJHRUPHGLDQFDQUHSURGXFHLQVHDVRQDQGHQGRIVHDVRQ
REVHUYDWLRQV ,Q LWV VLPSOHVW DQGPRVW FRPPRQ IRUP DPXOWLPRGHOHQVHPEOH VLPXODWLRQ LV
SURGXFHGE\DYHUDJLQJ WKH VLPXODWLRQVRIPHPEHUPRGHOVZHLJKWHGHTXDOO\ .QXWWL
7KLVPHWKRGKDV EHHQSUDFWLFHG LQ FOLPDWH IRUHFDVWLQJ +DJHGRUQ HW DO 5lLVlQHQ	
3DOPHU  DQG LQ HFRORJLFDOPRGHOLQJRI VSHFLHVGLVWULEXWLRQ *UHQRXLOOHW HW DO 
DQG LW KDV EHHQ VKRZQ WKDW PXOWLPRGHO HQVHPEOHV FDQ JLYH EHWWHU HVWLPDWHV WKDQ DQ\
LQGLYLGXDO PRGHO 6XFK LPSURYHPHQW LQ VNLOO RI D PXOWLPRGHO HQVHPEOH PD\ EH DOVR
DSSOLFDEOH WR FURSPRGHOV 3UHOLPLQDU\ HYLGHQFH VXJJHVWV WKDW WKH DYHUDJH RI HQVHPEOHV RI
VLPXODWLRQV LVDJRRGHVWLPDWRURI*<IRU VHYHUDO FURSV %DVVX HWDO3DORVXRHWDO
 5|WWHU HW DO  DQG SRVVLEO\ HYHQ EHWWHU WKDQ WKH EHVW LQGLYLGXDO PRGHO DFURVV
GLIIHUHQWVHDVRQVDQGVLWHV5|WWHUHWDO+RZHYHUDGHWDLOHGTXDQWLWDWLYHDQDO\VLVRI
WKHTXDOLW\RIVLPXODWRUVEDVHGRQFURSPRGHOHQVHPEOHVFRPSDUHGWR LQGLYLGXDOPRGHOV LV
ODFNLQJ %\ ORRNLQJ DW RXWSXWV RI PXOWLSOH JURZWK YDULDEOHV ERWK LQVHDVRQ DQG HQGRI
VHDVRQ ZHZRXOG JHW D EURDGHU SLFWXUH RI KRZ HQVHPEOH HVWLPDWRUV SHUIRUP DQG D EHWWHU
XQGHUVWDQGLQJ RI ZK\ WKH\ SHUIRUP ZHOO FRPSDUHG WR LQGLYLGXDO PRGHOV ,W LV LPSRUWDQW
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WKHUHIRUHWRFRQVLGHUQRWRQO\*<EXWDOVRRWKHUJURZWKYDULDEOHV,IPXOWLPRGHOHQVHPEOHV
DUH WUXO\PRUH VNLOOIXO WKDQ WKHEHVWPRGHO LQ WKH HQVHPEOH RU HYHQ VLPSO\ EHWWHU WKDQ WKH
DYHUDJHRIWKHPRGHOVWKHQXVLQJHQVHPEOHPHGLDQVRUPHDQVPD\EHDSRZHUIXOHVWLPDWRUWR
HYDOXDWLQJFURSUHVSRQVHWRFURSPDQDJHPHQWDQGHQYLURQPHQWDOIDFWRUV
0RGHOHYDOXDWLRQVFDQJLYHTXLWHGLIIHUHQWUHVXOWVGHSHQGLQJRQWKHXVHRIWKHPRGHOWKDWLV
VWXGLHG +HUH ZH LQYHVWLJDWH WKH VLWXDWLRQ ZKHUH PRGHOV DUH DSSOLHG LQ HQYLURQPHQWV IRU
ZKLFK WKH\ KDYH QRW EHHQ VSHFLILFDOO\ FDOLEUDWHG ZKLFK LV W\SLFDOO\ WKH VLWXDWLRQ LQ JOREDO
LPSDFW VWXGLHV 5RVHQ]ZHLJ HW DO D 7KHPRGHO UHVXOWV ZHUH FRPSDUHG WRPHDVXUHG
GDWDIURPIRXUFRQWUDVWLQJJURZLQJHQYLURQPHQWV7KHPRGHOLQJJURXSVZHUHSURYLGHGZLWK
ZHDWKHU GDWD VRLO FKDUDFWHULVWLFV VRLO LQLWLDO FRQGLWLRQV PDQDJHPHQW DQG IORZHULQJ DQG
KDUYHVW GDWHV IRU HDFK VLWH$OWKRXJK RQO\ IRXU ORFDWLRQVZHUH WHVWHG LQ WKH$J0,3:KHDW
3LORW VWXG\ WKLV OLPLWDWLRQ LV SDUWLDOO\FRPSHQVDWHG IRU E\ WKHGLYHUVLW\RI WKH VLWHV UDQJLQJ
IURPKLJKWRORZ\LHOGLQJIURPVKRUWWRORQJVHDVRQDQGLUULJDWHGDQGQRWLUULJDWHGVLWXDWLRQV
7ZRPDLQDSSURDFKHVWRHYDOXDWHWKHDFFXUDF\DQGXQFHUWDLQW\RIWKH$J0,3ZKHDWPRGHO
HQVHPEOHZHUHIROORZHG)LUVWZHHYDOXDWHGWKHUDQJHRIHUURUVDQGWKHDYHUDJHHUURURI WKH
PRGHOVIRUPXOWLSOHJURZWKYDULDEOHV LQFOXGLQJERWK LQVHDVRQDQGHQGRIVHDVRQYDULDEOHV
6HFRQGO\ZHHYDOXDWHGWZRHQVHPEOHEDVHGPRGHOV WKHPHDQHPHDQDQGWKHPHGLDQH
PHGLDQRIWKHVLPXODWHGYDOXHVRIWKHHQVHPEOHPHPEHUV)LQDOO\ZHVWXGLHGKRZWKHHUURU
RIHPHDQDQGHPHGLDQFKDQJHGZLWKWKHVL]HRIWKHHQVHPEOH 
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0DWHULDOVDQG0HWKRGV
([SHULPHQWDOGDWD
4XDOLW\DVVHVVHG H[SHULPHQWDO GDWD IURP VLQJOH FURSV DW IRXU FRQWUDVWLQJ ORFDWLRQV
UHSUHVHQWLQJGLYHUVHDJURHFRORJLFDOFRQGLWLRQVZHUHXVHG7KH ORFDWLRQVZHUH:DJHQLQJHQ
7KH1HWKHUODQGV 1/*URRW	9HUEHUQH %DOFDUFH$UJHQWLQD $57UDYDVVR HWDO
1HZ'HOKL,QGLD,11DYHHQDQG:RQJDQ+LOOV$XVWUDOLD$8$VVHQJHWDO
7\SLFDOUHJLRQDOFURSPDQDJHPHQWZDVXVHGDWHDFKVLWH,QDOOH[SHULPHQWVWKHSORWV
ZHUH NHSW ZHHGIUHH DQG SODQW SURWHFWLRQ PHWKRGV ZHUH XVHG DV QHFHVVDU\ WR PLQLPL]H
GDPDJHIURPSHVWVDQGGLVHDVHV&URSPDQDJHPHQWDQGFXOWLYDULQIRUPDWLRQDVJLYHQWRHDFK
LQGLYLGXDOPRGHOLQJJURXSDUHJLYHQLQ7DEOH6LQVXSSOHPHQWDO
'DLO\ YDOXHV RI VRODU UDGLDWLRQ PD[LPXP DQG PLQLPXP WHPSHUDWXUH DQG SUHFLSLWDWLRQ
ZHUH UHFRUGHG DW ZHDWKHU VWDWLRQV DW RU QHDU WKH H[SHULPHQWDO SORWV H[FHSW IRU ,1 VRODU
UDGLDWLRQZKLFKZDVREWDLQHGIURPWKH1$6$32:(5GDWDVHWRIPRGHOHGGDWD6WDFNKRXVH
 WKDW H[WHQGV EDFN WR  'DLO\ YDOXHV RI PHWHU ZLQG VSHHG P V GHZ SRLQW
WHPSHUDWXUH & YDSRU SUHVVXUH K3D DQG UHODWLYH KXPLGLW\ ZHUH HVWLPDWHG IRU HDFK
ORFDWLRQIURPWKH1$6$0RGHUQ(UD5HWURVSHFWLYH$QDO\VLVIRU5HVHDUFKDQG$SSOLFDWLRQV
%RVLORYLFKHWDOH[FHSWIRU1/ZLQGVSHHGDQGYDSRUSUHVVXUHWKDWZHUHPHDVXUHGRQ
VLWH$LU&2FRQFHQWUDWLRQZDVWDNHQWREHSSPDWDOOVLWHV$ZHDWKHUVXPPDU\IRUHDFK
VLWHLVVKRZQLQ)LJ6LQVXSSOHPHQWDO
)RU DOO VLWHV HQGRIVHDVRQ LH ULSHQHVVPDWXULW\ YDOXHV IRU *< W '0 KD WRWDO
DERYHJURXQGELRPDVV$*%0PW'0KDWRWDODERYHJURXQGQLWURJHQ1$*1PNJ1KD
 DQGJUDLQ1 *1PNJ1KDZHUHDYDLODEOH)URP WKHVHYDOXHVELRPDVVKDUYHVW LQGH[
+,    î*<$*%0P1 KDUYHVW LQGH[ 1+,    î*1P$*1P DQG JUDLQ
SURWHLQ FRQFHQWUDWLRQ *3&    î*1P*< RI JUDLQ GU\PDVVZHUH FDOFXODWHG ,Q
VHDVRQPHDVXUHPHQWVLQFOXGHGOHDIDUHDLQGH[/$,PPPHDVXUHPHQWVLQWRWDOWRWDO
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DERYHJURXQGELRPDVV$*%0W'0KDPHDVXUHPHQWVWRWDODERYHJURXQG1$*1NJ
1 KD  PHDVXUHPHQWV DQG VRLO ZDWHU FRQWHQW WR PD[LPXP URRWLQJ GHSWK PP 
PHDVXUHPHQWV 3ODQWDYDLODEOH VRLO ZDWHU WR PD[LPXP URRWLQJ GHSWK 3$6: PP ZDV
FDOFXODWHG IURP WKHPHDVXUHG VRLOZDWHUFRQWHQWE\ OD\HU  94 YRO WKHHVWLPDWHG ORZHU
OLPLWRIZDWHUH[WUDFWLRQ//YRODQGWKHWKLFNQHVVRIWKHVRLOOD\HUVGP
  9

3$6: //
N
L L L
L
G
 
 u 4 ¦  
ZKHUHNLVWKHQXPEHURIVDPSOHGVRLOOD\HUV
%DVHGRQWKHFULWLFDO1GLOXWLRQFXUYHRIZKHDW-XVWHVHWDOD1QXWULWLRQLQGH[
11, GLPHQVLRQOHVV ZDV FDOFXODWHG WR TXDQWLI\ FURS 1 VWDWXV $OWKRXJK WKLV FXUYH LV
HPSLULFDO LW LV EDVHG RQ VROLG WKHRUHWLFDO JURXQGV /HPDLUH 	 *DVWDO  &OLPDWLF
FRQGLWLRQVFDQ DIIHFW JURZWK DQG1XSWDNHGLIIHUHQWO\ EXW WKH11, UHIOHFWV WKHVHHIIHFWV LQ
WHUPV RI FURS 1 QHHGV *RQ]DOH]'XJR HW DO  /HPDLUH HW DO  )RU D JLYHQ
$*%011,ZDVFDOFXODWHGDVWKHUDWLREHWZHHQWKHDFWXDODQGFULWLFDO &1 J1J'0
$*1FRQFHQWUDWLRQVGHILQHGE\WKHFULWLFDO1GLOXWLRQFXUYH-XVWHVHWDO
 &  $*%01  u  
,I WKH11, YDOXH LV FORVH WR  LW LQGLFDWHV DQ RSWLPDO FURS 1 VWDWXV D YDOXH ORZHU WKDQ 
LQGLFDWHV1GHILFLHQF\DQGDYDOXHKLJKHUWKDQLQGLFDWHV1H[FHVV
0RGHOVDQGVHWXSRIPRGHOLQWHUFRPSDULVRQ
7KHPRGHOVFRQVLGHUHGKHUHZHUHWKHZKHDWFURSPRGHOV7DEOH6LQVXSSOHPHQWDOXVHG
LQ WKH $J0,3 :KHDW 3LORW VWXG\ $VVHQJ HW DO  $OO RI WKHVH PRGHOV KDYH EHHQ
GHVFULEHG LQ SXEOLFDWLRQV DQG DUH FXUUHQWO\ LQ XVH 1RW DOO PRGHOV VLPXODWHG DOO PHDVXUHG
YDULDEOHV HLWKHUEHFDXVH WKHPRGHOV GLGQRW VLPXODWH WKHPRUEHFDXVH WKH\ZHUHQRW LQ WKH
VWDQGDUG RXWSXWV2I WKH PRGHOV PRGHOV VLPXODWHG 3$6:YDOXHV DQG  VLPXODWHG
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
$*1DQG*1 DQG WKHUHIRUH11, DQG*3& FRXOG EH FDOFXODWHG IRU WKHVH PRGHOV1+,
FRXOGEHFDOFXODWHGIRUPRGHOV
$OOPRGHOLQJJURXSVZHUHSURYLGHGZLWKGDLO\ZHDWKHUGDWD LHSUHFLSLWDWLRQPLQLPXP
DQGPD[LPXPDLU WHPSHUDWXUHPHDQUHODWLYHDLUKXPLGLW\GHZSRLQW WHPSHUDWXUHPHDQDLU
YDSRUSUHVVXUHJOREDOUDGLDWLRQDQGPHDQZLQGVSHHGEDVLFSK\VLFDOFKDUDFWHULVWLFVRIVRLO
LQLWLDO VRLO ZDWHU DQG 1 FRQWHQW E\ OD\HU DQG FURS PDQDJHPHQW LQIRUPDWLRQ 7DEOH 6 LQ
VXSSOHPHQWDO1R LQGLFDWLRQRI KRZ WR LQWHUSUHW RU FRQYHUW WKLV LQIRUPDWLRQ LQWRSDUDPHWHU
YDOXHV ZDV JLYHQ WR WKH PRGHOHUV 0RGHOHUV ZHUH SURYLGHG ZLWK REVHUYHG DQWKHVLV DQG
PDWXULW\GDWHV IRU WKH FXOWLYDUV JURZQDW HDFK VLWH4XDOLWDWLYH LQIRUPDWLRQRQYHUQDOL]DWLRQ
UHTXLUHPHQWVDQGGD\OHQJWKUHVSRQVHVZHUHDOVRSURYLGHG
,QWKHVLPXODWLRQVSKHQRORJ\SDUDPHWHUVZHUHDGMXVWHGWRUHSURGXFHWKHREVHUYHGDQWKHVLV
DQGPDWXULW\GDWHVEXWRWKHUZLVHPRGHOVZHUHQRW VSHFLILFDOO\DGMXVWHG WR WKHJURZWKGDWD
ZKLFKZHUHRQO\ UHYHDOHG WR WKHPRGHOHUVDW WKHHQGRI WKHVLPXODWLRQSKDVHRI WKHSURMHFW
0RGHOHUVZHUH LQVWUXFWHG WR NHHS DOO SDUDPHWHUV H[FHSW IRU JHQRW\SLF FRHIILFLHQWV FRQVWDQW
DFURVVDOOIRXUVLWHV
)RUWKUHHRIWKHIRXUVLWHVWKHGDWDXVHGKHUHZHUHSUHYLRXVO\DYDLODEOHLQWKHOLWHUDWXUHVR
VRPH RI WKHVH GDWD PD\ KDYH EHHQ XVHG LQ WKH SDVW ZLWK VRPH PRGHOV DV SDUW RI ODUJHU
GDWDVHWV ,I VR WKLVZRXOGFRQFHUQRQO\VRPHRI WKHGDWDXVHGKHUHRQO\D IHZPRGHOVDQG
RQO\SDUWRIWKHGDWDXVHGIRUWHVWLQJDQGPRGHOFDOLEUDWLRQ:HFKRVHWKLVRYHUWKHDOWHUQDWLYH
DSSURDFKRIRQO\XVLQJXQSXEOLVKHGGDWDWRDYRLGRWKHUSRWHQWLDOSUREOHPV.HUVHEDXPHWDO
3DORVXRHWDO5|WWHUHWDO
([FHSWIRUWKHIRXU([SHUW1PRGHOVZKLFKZHUHUXQE\WKHVDPHJURXSDOOPRGHOVZHUH
UXQ E\ GLIIHUHQW JURXSV ZLWKRXW FRPPXQLFDWLRQ EHWZHHQ WKH JURXSV UHJDUGLQJ WKH
SDUDPHWHUL]DWLRQ RI WKH LQLWLDO FRQGLWLRQV RUFXOWLYDU VSHFLILF SDUDPHWHUV ,QPRVW FDVHV WKH
PRGHOGHYHORSHUVUDQWKHLURZQPRGHO
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0RGHOHYDOXDWLRQ
0DQ\ GLIIHUHQWPHDVXUHV RI WKH GLVFUHSDQFLHV EHWZHHQ VLPXODWLRQV DQGPHDVXUHPHQWV KDYH
EHHQSURSRVHG:DOODFK:HFRQFHQWUDWHGRQWKHURRWPHDQVTXDUHGHUURU506(DQG
WKHURRWPHDQVTXDUHGUHODWLYHHUURU5065(ZKHUHHDFKHUURULVH[SUHVVHGDVDSHUFHQWDJH
RIWKHREVHUYHGYDOXH7KH506(KDVWKHDGYDQWDJHRIH[SUHVVLQJHUURULQWKHVDPHXQLWVDV
WKHYDULDEOH)RUFRPSDULQJYHU\GLIIHUHQWHQYLURQPHQWVOLNHO\WRJLYHDEURDGUDQJHRIFURS
UHVSRQVHVWKHUHODWLYHHUURUPD\EHPRUHPHDQLQJIXOWKDQWKHDEVROXWHHUURUDVLWJLYHVPRUH
HTXDO ZHLJKW WR HDFK PHDVXUHPHQW +RZHYHU 5065( QHHGV WR EH LQWHUSUHWHG ZLWK FDUH
EHFDXVHLWLVYHU\VHQVLWLYHWRHUURUVZKHQPHDVXUHGYDOXHVDUHVPDOODVRFFXUUHGIRUVHYHUDO
HDUO\VHDVRQJURZWKPHDVXUHPHQWV
506(ZDVFDOFXODWHGDV WKHVTXDUH URRWRI WKHPHDQVTXDUHGHUURU 06(06(IRU
PRGHOPDQGIRUDSDUWLFXODUYDULDEOH06(PZDVFDOFXODWHGDV
  

 Ö06(
1
P L P L
L
\ \1  
 ¦  
ZKHUH L\ LVWKHYDOXHRIWKHLWKPHDVXUHPHQWRIWKLVYDULDEOH ÖP L\ LVWKHFRUUHVSRQGLQJYDOXH
VLPXODWHGE\PRGHOPDQG1 LV WKH WRWDOQXPEHURIPHDVXUHPHQWVRI WKLVYDULDEOH LH WKH
VXPRYHUVLWHVDQGRYHUVDPSOLQJGDWHVSHUVLWHIRULQVHDVRQYDULDEOHV
5065(ZDVFDOFXODWHGDV




Ö5065( 
1
L P L
P
L L
\ \
1 \ 
§ · u ¨ ¸© ¹¦  
7R DVVHVVZKHWKHU DPRGHO WKDW VLPXODWHVZHOO IRU RQH YDULDEOH DOVRSHUIRUPVZHOO IRU
RWKHUYDULDEOHV3HDUVRQ¶VSURGXFWPRPHQWFRUUHODWLRQEHWZHHQWKH506(RU5065(YDOXH
RIHDFKPRGHOZDVFDOFXODWHGDFURVVWKHYDULDEOHV7KHDGMXVWHGWZRVLGHG3YDOXHVTYDOXHV
UHVXOWLQJIURPWKHFRUUHFWLRQIRUPXOWLSOHWHVWVZHUHFDOFXODWHGDQGUHSRUWHGKHUH
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0XOWLPRGHOHQVHPEOHHVWLPDWRUV
:HFRQVLGHUHG WZRPRGHOV WKDW DUH EDVHG RQ WKH HQVHPEOH RIPRGHO VLPXODWLRQV7KH ILUVW
HQVHPEOH HVWLPDWRU HPHDQ LV WKH PHDQ RI WKH PRGHO VLPXODWLRQV 7KH VHFRQG HQVHPEOH
HVWLPDWRU HPHGLDQ LV WKH PHGLDQ RI WKH LQGLYLGXDO PRGHO VLPXODWLRQV )RU HDFK RI WKHVH
HQVHPEOHPRGHOVHPHDQDQGHPHGLDQZHFDOFXODWHGWKHVDPHFULWHULDDVIRUWKHLQGLYLGXDO
PRGHOVQDPHO\06(506(DQG5065(
,Q RUGHU WR H[SORUH KRZ HPHDQ06( DQG HPHGLDQ06( YDULHG ZLWK WKH QXPEHU RI
PRGHOVLQWKHHQVHPEOHZHSHUIRUPHGDERRWVWUDSFDOFXODWLRQIRUHDFKYDOXHRI0¶QXPEHU
RIPRGHOV LQ WKHHQVHPEOH IURP WR)RU HDFKHQVHPEOH VL]H0¶ZHGUHZ%  
ERRWVWUDSVDPSOHVRI0¶PRGHOVZLWKUHSODFHPHQW VR WKHVDPHPRGHOPLJKWEHUHSUHVHQWHG
PRUHWKDQRQFHLQWKHVDPSOH$SUHOLPLQDU\DQDO\VLVVKRZHGWKDWWKHUHVXOWVZHUHHVVHQWLDOO\
XQFKDQJHGEH\RQGERRWVWUDSVDPSOHV7KHILQDOHVWLPDWHRI06(IRUHPHDQZDVWKHQ
  HPHDQ HPHDQ
 
  Ö06(
% 1
E
L L
E L
\ \% 1   
 ¦¦  
ZKHUH ÖEH PHDQ L\   LV WKHHPHDQHVWLPDWHLQERRWVWUDSVDPSOHERI WKH LWKPHDVXUHPHQWVRI WKLV
YDULDEOHJLYHQE\



HPHDQ 

Ö Ö

0
E E
L P L
P
\ \0  
 ¦  
)RUHPHGLDQWKHHVWLPDWHRI06(ZDVFDOFXODWHGDV
  HPHGLDQ HPHGLDQ
 
  Ö06(
% 1
E
L L
E L
\ \% 1   
 ¦¦  
,QWKHFDVHRIHPHDQZHFDQFDOFXODWHWKHWKHRUHWLFDOH[SHFWDWLRQRI06(DQDO\WLFDOO\DV
DIXQFWLRQRI0¶&RQVLGHUDYDULDEOHDWDSDUWLFXODUVLWH/HW LP UHSUHVHQWWKHWUXHH[SHFWDWLRQ
RIPRGHOVLPXODWLRQVIRUWKDWVLWHWKHPHDQRYHUDOOSRVVLEOHPRGHOVDQGOHW  
Öȝ L 0 UHSUHVHQW
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DQHPHDQVLPXODWLRQZKLFKLVEDVHGRQDVDPSOHRIPRGHOVRIVL]H0¶7KHH[SHFWDWLRQRI
06(H[SHFWDWLRQRYHUSRVVLEOHVDPSOHVRI0¶PRGHOVIRUHPHDQLVWKHQ

     
   
 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¦ ¦
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ZKHUH  ÖYDU L\ LVWKHYDULDQFHRIWKHVLPXODWHGYDOXHVIRUWKHGLIIHUHQWPRGHOV7KHILUVWWHUP
LQWKHVXPLQHTXDWLRQLVWKHVTXDUHGELDVRIHPHDQZKHQHPHDQLVEDVHGRQDYHU\ODUJH
QXPEHURIPRGHOV7KHVHFRQGWHUPLV WKHYDULDQFHRI WKHPRGHOVLPXODWLRQVGLYLGHGE\0

LP FDQEHHVWLPDWHGDVWKHDYHUDJHRIWKHVLPXODWLRQVRYHUDOOWKHPRGHOVLQRXUVWXG\DQG
 ÖYDU L\ FDQEHHVWLPDWHGDVWKHYDULDQFHRIWKRVHPRGHOVLPXODWLRQV
$OOFDOFXODWLRQVDQGJUDSKVZHUHPDGHXVLQJ WKH5VWDWLVWLFDOVRIWZDUH55&RUH
7HDP  3HDUVRQ¶V SURGXFWPRPHQW FRUUHODWLRQ 3YDOXHV ZHUH DGMXVWHG IRU IDOVH
GLVFRYHU\UDWHXVLQJWKHµ/%(¶SDFNDJH'DOPDVVRHWDODQGERRWVWUDSVDPSOLQJXVHG
WKH5IXQFWLRQVDPSOH 
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5HVXOWV
(YDOXDWLRQRIDSRSXODWLRQRIZKHDWFURSPRGHOV
,QPRVWFDVHVPHDVXUHGLQVHDVRQ/$,3$6:$*%0$*1DQG11,DQGHQGRIVHDVRQ
*< DQG*3& YDOXHVZHUHZLWKLQ WKH UDQJH RIPRGHO VLPXODWLRQV )LJ   (YHQ WKRXJK
PHDVXUHG *< UDQJHG IURP  WR  W '0 KD DFURVV WKH IRXU VLWHV WKH UDQJHV RI
VLPXODWHG*<YDOXHVZHUHVLPLODUDWWKHIRXUVLWHVZLWKDQDYHUDJHUDQJHEHWZHHQPLQLPXP
DQGPD[LPXP VLPXODWLRQV RI  W '0 KD )LJ D 7KH UDQJH EHWZHHQPLQLPXP DQG
PD[LPXP VLPXODWLRQV IRU *3& ZDV DOVR FRPSDUDEOH DW WKH IRXU VLWHV DYHUDJLQJ 
SHUFHQWDJHSRLQWV)LJE
2Q DYHUDJH RYHU DOO PRGHOV WKH 5065( ZDV  )LJ D DQG 7DEOH 6 LQ
VXSSOHPHQWDODQG506(ZDVW'0KDIRU*<)LJEDQG7DEOHDQG7DEOH6LQ
VXSSOHPHQWDO7KHXQFHUWDLQW\LQVLPXODWHG*<ZDVODUJHZLWK5065(UDQJLQJIURPWR
 DPRQJ WKH  PRGHOV EXW  RI WKH PRGHOV KDG DQ 5065( IRU *< FRPSULVHG
EHWZHHQDQG)LJD)RUWKHRWKHUHQGRIVHDVRQYDULDEOHV5065(UDQJHGIURP
WRIRU+,DYHUDJLQJWRIRU*1DYHUDJLQJWRIRU1+,
DYHUDJLQJ  DQG  WR  IRU *3& DYHUDJLQJ  )LJ D )RU WKH LQVHDVRQ
YDULDEOHVZLWKPXOWLSOHPHDVXUHPHQWVSHUVLWH WKH5065(UDQJHGIURPWRIRU
/$,WRIRU3$6:WRIRU$*%0WRIRU$*1DQGWR
IRU11,)LJD
2IWKHWKUHHPRGHOVZLWKWKHVPDOOHVW506(IRU*<RQO\WKHVHFRQGUDQNHGPRGHOKDG
506( YDOXHV EHORZ WKH DYHUDJH RI DOOPRGHOV IRU DOO YDULDEOHV FRQVLGHUHG 7DEOH  7KH
RWKHUWZRPRGHOVKDGDQ506(VXEVWDQWLDOO\KLJKHUWKDQWKHDYHUDJHIRUDWOHDVWRQHYDULDEOH
7KHILUVWDQGVHFRQGUDQNHGPRGHOVVLPXODWHG*<FORVHO\EHFDXVHRIFRPSHQVDWLQJHUURUV
7KH\XQGHUHVWLPDWHG/$,DURXQGDQWKHVLVDQGILQDO$*%0ZKLFKZDVFRPSHQVDWHGIRUE\
RYHUHVWLPDWLQJ+,)RULQVWDQFHWKHILUVWUDQNHGPRGHOVLPXODWHGWKDWWKHFDQRS\LQWHUFHSWHG
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DQGRIWKHLQFLGHQWUDGLDWLRQDURXQGDQWKHVLVLQ$5,1DQG1/UHVSHFWLYHO\
ZKLOHDFFRUGLQJWRPHDVXUHG/$,YDOXHVWKHSHUFHQWDJHRIUDGLDWLRQLQWHUFHSWLRQZDVFORVHWR
DWWKHWKUHHVLWHVDVVXPLQJDQH[WLQFWLRQFRHIILFLHQWRIDQDYHUDJHYDOXHUHSRUWHG
IRU ZKHDW FDQRSLHV 6\OYHVWHU%UDGOH\ HW DO  7KLV PRGHO FRPSHQVDWHG E\ KDYLQJ
XQUHDOLVWLFDOO\KLJK+, YDOXHV WKDWZHUH  WRKLJKHU WKDQPHDVXUHG+,7KHRUHWLFDO
PD[LPXP+,KDVEHHQHVWLPDWHGDWIRUZKHDW)RXONHVHWDOZKLOHWKLVPRGHO
KDG VLPXODWHG YDOXHV XS WR  LQ 1/ 7KH WKLUGUDQNHG PRGHO VKRZHG QR VLJQLILFDQW
FRPSHQVDWLRQRIHUURUV7KLVPRGHO RYHUHVWLPDWHG/$, DURXQG DQWKHVLVE\ LQ$5DQG
1/ EXW WKLV WUDQVODWHG LQWR RQO\ D VPDOO HIIHFW RQ LQWHUFHSWHG UDGLDWLRQ VLQFH WKH FDQRS\
LQWHUFHSWHGPRUHWKDQRILQFLGHQWUDGLDWLRQEDVHGRQREVHUYHG/$,
5HODWLRQEHWZHHQWKHHUURUIRUJUDLQ\LHOGDQGWKDWIRUXQGHUO\LQJYDULDEOHV
7KHUHZDV OLWWOH UHODWLRQ EHWZHHQ WKH HUURUV IRU GLIIHUHQW YDULDEOHV )LJ D E 7KHUHZHUH
VRPH H[FHSWLRQV KRZHYHU 1RWDEO\ 506( IRU$*%0ZDV KLJKO\ FRUUHODWHGZLWK WKDW IRU
*< DQG WKDW IRU $*1 ZDV FRUUHODWHG ZLWK *1 )LJ  6LPLODUO\ 506( IRU $*1ZDV
KLJKO\FRUUHODWHGZLWKWKDWIRU/$,3$6:DQG11,)LQDOO\506(IRU11,ZDVFRUUHODWHG
ZLWKWKDWIRU3$6:+,DQG*1DQGWRDOHVVHUH[WHQWZLWKWKDWIRU11,506(IRU*3&ZDV
QRWVLJQLILFDQWO\FRUUHODWHGZLWKDQ\RWKHUYDULDEOH2YHUDOOWKHFRUUHODWLRQVEHWZHHQ5065(
IRUGLIIHUHQWYDULDEOHVZHUHVLPLODUWR WKDWEHWZHHQ506(IRUGLIIHUHQWYDULDEOHV)LJ6LQ
VXSSOHPHQWDO
0XOWLPRGHOHQVHPEOHHVWLPDWRUV
7ZRPXOWLPRGHOHQVHPEOHHVWLPDWRUVZHUHWHVWHG7KHILUVWWKHHPHDQXVHVWKHPHDQRIWKH
VLPXODWLRQV RI WKH HQVHPEOH PHPEHUV D FRPPRQ SUDFWLFH LQ FOLPDWH HQVHPEOH PRGHOLQJ
.QXWWL7KHVHFRQGWKHHPHGLDQXVHVWKHPHGLDQRIWKHVLPXODWLRQVRIWKHHQVHPEOH
PHPEHUV7KHHPHGLDQLVH[SHFWHGWREHOHVVVHQVLWLYHWRRXWOLHUVLPXODWLRQVWKDQHPHDQDQG
WKHUHIRUHSURYLGHPRUHUREXVWHVWLPDWHV
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
7KHHPHGLDQDQGHPHDQYDOXHVJDYHJRRGDJUHHPHQWZLWKPHDVXUHGYDOXHVLQDOPRVW
DOO FDVHV GHVSLWH WKH IDFW WKDW WKH VLPXODWLRQV RI WKH LQGLYLGXDOPRGHOV YDULHGFRQVLGHUDEO\
)LJ7KHHPHGLDQDQGHPHDQPRGHOVZHUHPXFKEHWWHUWKDQWKHDYHUDJHRYHUPRGHOV
IRUDOO UHVSRQVHV )LJ)RUPRVWYDULDEOHVHPHDQDQGHPHGLDQKDGVLPLODU506(DQG
5065(YDOXHVDQGWKHLUUDQNLQJDPRQJDOOPRGHOVZDVFORVH7DEOHDQG6XSSOHPHQWDU\
7DEOH667KHODUJHVWGLIIHUHQFHLQUDQNVZDVIRU506(IRU*3&ZKHUHHPHGLDQZDV
UDQNHGDQGHPHDQZDVUDQNHG
)RUPRVWYDULDEOHVHPHDQDQGHPHGLDQZHUHFRPSDUDEOH WR WKHEHVWVLQJOHPRGHOIRU
WKDW YDULDEOH )LJ D E :KHQ HPHGLDQ ZDV UDQNHG ZLWK WKH RWKHU PRGHOV EDVHG RQ
5065(LWUDQNHGIRXUWKIRU*<DQGWKLUGIRU*3&7DEOH6LQVXSSOHPHQWDODQGILUVWIRU
*<DQGWKLUGIRU*3&ZKHQUDQNHGEDVHGRQ506(7DEOH6LQVXSSOHPHQWDO2QHZD\WR
TXDQWLI\WKHRYHUDOOVNLOORIHPHDQDQGHPHGLDQLVWRFRQVLGHUWKHVXPRIUDQNVRYHUDOOWKH
YDULDEOHV7KHVXPRIUDQNVEDVHGRQ506(IRUWKHYDULDEOHVDQDO\]HGLQWKLVVWXG\ZDV
IRUHPHGLDQDQGIRUHPHDQZKLOH WKH ORZHVW VXPRI UDQNV IRUDQ LQGLYLGXDOPRGHO
DPRQJWKHPRGHOVWKDWVLPXODWHGDOOYDULDEOHVZDV7DEOH6LQVXSSOHPHQWDO,IZH
RQO\FRQVLGHUHGWKHIRXUYDULDEOHVVLPXODWHGE\DOOPRGHOVLH/$,$*%0*<DQG+,
WKHVXPRIUDQNVIRUHPHGLDQDQGHPHDQZDVDQGUHVSHFWLYHO\ZKLOHWKHEHVWVXPRI
UDQNVIRUDQLQGLYLGXDOPRGHOZLWKWKHVHIRXUYDULDEOHVZDV
,QRUGHUWRDQDO\]HWKHUHODWLRQVKLSEHWZHHQWKHQXPEHURIPRGHOVLQDQHQVHPEOHDQGWKH
506(RIERWKHPHDQDQGHPHGLDQZHXVHGDERRWVWUDSDSSURDFKWRFUHDWHDODUJHQXPEHU
RIHQVHPEOHVRIGLIIHUHQW VL]HV7KH506(RIERWKHPHDQDQGHPHGLDQ LQHDFKERRWVWUDS
HQVHPEOHZDV FDOFXODWHG DQG DYHUDJHG RYHU ERRWVWUDS VDPSOHV7KHERRWVWUDS UHVXOWV IRUH
PHDQZHUHYHU\FORVHWRWKHWKHRUHWLFDOH[SHFWDWLRQRI506()LJ)RUDOOYDULDEOHVWKH
VWDQGDUGGHYLDWLRQRI506(EHWZHHQERRWVWUDSVDPSOHVIRUHPHDQGHFUHDVHGDVWKHQXPEHU
RIPRGHOVLQWKHHQVHPEOHLQFUHDVHG7KHDYHUDJH506(RIHPHGLDQDOVRGHFUHDVHGZLWKWKH
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
QXPEHURIPRGHOV LQDPDQQHU VLPLODU WREXWQRW LGHQWLFDO WR WKHDYHUDJHHPHDQ506(
7KHGLIIHUHQFHVZHUHPRVWSURQRXQFHGIRU*3&)LJM 
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'LVFXVVLRQ
:RUNLQJ ZLWK PXOWLPRGHO HQVHPEOHV LV ZHOOHVWDEOLVKHG LQ FOLPDWH PRGHOLQJ EXW RQO\
UHFHQWO\ KDV WKH QHFHVVDU\ LQWHUQDWLRQDO FRRUGLQDWLRQ EHHQ GHYHORSHG WR PDNH WKLV DOVR
SRVVLEOHIRUFURSPRGHOV5RVHQ]ZHLJHWDOE+HUHZHH[DPLQHGWKHSHUIRUPDQFHRI
DQ HQVHPEOH RI ZKHDW PRGHOV FUHDWHG LQ WKH FRQWH[W RI WKH$J0,3:KHDW 3LORW VWXG\
$VVHQJ HW DO 0XOWLSOH FURS UHVSRQVHV LQFOXGLQJERWK HQGRIVHDVRQDQG LQVHDVRQ
JURZWKYDULDEOHVZHUHFRQVLGHUHG$PRQJWKHVH*<DQG*3&DUHWKHPDLQGHWHUPLQDQWVRI
ZKHDWSURGXFWLYLW\DQGHQGXVHYDOXH7KHRWKHUYDULDEOHVKHOSHGLQGLFDWHZKHWKHUPRGHOVDUH
UHDOLVWLF DQG FRQVLVWHQW LQ WKHLU GHVFULSWLRQ RI WKH SURFHVVHV OHDGLQJ WR*< DQG*3& 7KLV
SURYLGHV PRUH FRPSUHKHQVLYH LQIRUPDWLRQ RQ FURS V\VWHP SURSHUWLHV EH\RQG *< DQG LV
HVVHQWLDOIRUWKHDQDO\VLVRIDGDSWDWLRQDQGPLWLJDWLRQVWUDWHJLHVWRJOREDOFKDQJHV&KDOOLQRU
HWDO
,QRQO\D IHZFDVHV WKHUHZHUHVLJQLILFDQWFRUUHODWLRQVEHWZHHQDPRGHO¶VHUURU IRURQH
YDULDEOHDQGLWVHUURUIRURWKHUYDULDEOHV6HYHUDOLQGLYLGXDOPRGHOVKDGUHODWLYHO\VPDOOHUURUV
IRU*<RU*3&DQG ODUJH HUURUV IRU LQVHDVRQYDULDEOHV LQFOXGLQJ WZR RI WKH WKUHHPRGHOV
ZLWKWKHORZHVW506(IRU*<7KHVHPRGHOVDUULYHGDWDFFXUDWHVLPXODWLRQVRI*<RU*3&
ZLWKRXWVLPXODWLQJFURSJURZWKDFFXUDWHO\DQGWKXVJRWWKHULJKWDQVZHUIRUDWOHDVWLQSDUW
WKHZURQJUHDVRQV7KDW LVPRGHOVFDQFRPSHQVDWHIRUVWUXFWXUDO LQFRQVLVWHQF\ ,WKDVEHHQ
DUJXHGWKDWLQWHUDFWLRQVDPRQJV\VWHPFRPSRQHQWVDUHODUJHO\HPSLULFDOLQPRVWFURSPRGHOV
$KXMD	0DDQG WKDWPRGHOHUURU LVPLQLPL]HGZLWKGLIIHUHQWSDUDPHWHUYDOXHV IRU
GLIIHUHQW YDULDEOHV :DOODFK ZKLFKZRXOG H[SODLQZK\DPRGHOPLJKW VLPXODWHRQH
YDULDEOHZHOODQGQRWRWKHUV+RZHYHULWUHPDLQVXQFOHDUZKHWKHUVXFKFRPSHQVDWLRQZLOOEH
HIIHFWLYHLQDZLGHUDQJHRIHQYLURQPHQWV7KHODFNRIFRUUHODWLRQEHWZHHQPRGHOHUURUVIRU
GLIIHUHQW YDULDEOHV LOOXVWUDWH WKH QHHG IRU FURS PRGHO HQVHPEOH DVVHVVPHQW IRU PXOWLSOH
YDULDEOHV&KDOOLQRUHWDODVGRQHLQWKLVVWXG\
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
7KH EHKDYLRU RI WKHPHGLDQ DQGPHDQ RI WKH HQVHPEOH VLPXODWLRQV ZDV VLPLODU %RWK
HVWLPDWRUV KDGPXFK VPDOOHU HUURUV DQG EHWWHU VNLOOV WKDQ WKH DYHUDJH RYHU PRGHOV IRU DOO
YDULDEOHV ,Q FRPSDULQJ WKH VXP RI UDQNV RI HUURU IRU DOO YDULDEOHV ZKLFK SURYLGHV DQ
DJJUHJDWHGSHUIRUPDQFHPHDVXUHWKHHPHGLDQZDVEHWWHUWKDQHPHDQEXWPRVWLPSRUWDQWO\
ERWKZHUHVXSHULRUWRHYHQWKHEHVWSHUIRUPLQJPRGHOLQWKHHQVHPEOH'LIIHUHQWPHDVXUHVRI
SHUIRUPDQFHPLJKWJLYHVOLJKWO\GLIIHUHQWUHVXOWVEXWZRXOGQRWFKDQJHWKHIDFWWKDWHPHGLDQ
DQGHPHDQFRPSDUHZHOOZLWKHYHQWKHEHVWPRGHOV
(PHDQDQGHPHGLDQKDGVPDOOHUURUVLQVLPXODWLQJQRWRQO\HQGRIVHDVRQYDULDEOHVEXW
DOVRLQVHDVRQYDULDEOHV7KLVVXJJHVWVWKDWPXOWLPRGHOHQVHPEOHVFRXOGEHXVHIXOQRWRQO\IRU
VLPXODWLQJ*< DQG*3& EXW DOVR IRU UHODWLQJ WKRVH UHVXOWV WR LQVHDVRQ JURZWK SURFHVVHV
7KLVLVLPSRUWDQWLIFURSPRGHOHQVHPEOHVDUHWREHXVHIXOLQH[SORULQJWKHFRQVHTXHQFHVRI
JOREDOFKDQJHDQGWKHEHQHILWVRIDGDSWDWLRQRUPLWLJDWLRQVWUDWHJLHV
$ IXQGDPHQWDO TXHVWLRQ LV WKH RULJLQ RI WKH DGYDQWDJH RI HQVHPEOH SUHGLFWRUV RYHU
LQGLYLGXDO PRGHOV 7ZR SRVVLEOH H[SODQDWLRQV UHODWH WR FRPSHQVDWLRQ DPRQJ HUURUV LQ
SURFHVVHVGHVFULSWLRQVDQGWRPRUHFRYHUDJHRIWKHSRVVLEOHFURSDQGVRLOSKDVHVSDFHV
&HUWDLQ PRGHOV KDG ODUJH HUURUV ZLWK FRPSHQVDWLRQV WR DFKLHYH D UHDVRQDEOH \LHOG
VLPXODWLRQ,QWKRVHFDVHVHPHGLDQFDQVXSSO\DEHWWHUHVWLPDWHZKHQPXOWLSOHUHVSRQVHVDUH
FRQVLGHUHGVLQFHLWJLYHVUHDVRQDEOHUHVXOWVIRUDOOYDULDEOHV,QRWKHUFDVHV LW LVVLPSO\WKH
IDFWWKDWWKHHUURUVLQWKHGLIIHUHQWPRGHOVWHQGWRFRPSHQVDWHHDFKRWKHUZHOOWKDWPDNHVH
PHGLDQWKHEHVWHVWLPDWRURYHUPXOWLSOHUHVSRQVHV7KHFRPSHQVDWLRQRIHUURUVDPRQJPRGHOV
FRPHV DW OHDVW LQ SDUW IURP WKH IDFW WKDW PRGHOV GR QRW SURGXFH UDQGRP RXWSXWV EXW DUH
GULYHQ E\ HQYLURQPHQWDO DQG PDQDJHPHQW LQSXWV DQG ELRSK\VLFDO SURFHVVHV DQG WKHUHIRUH
WKH\ WHQG WR FRQYHUJH WR WKHPHDVXUHGFURS UHVSRQVH ,W LV DQRSHQTXHVWLRQKRZHYHU DV WR
ZKHWKHU WKH VXSHULRULW\ RI FURSPRGHO HQVHPEOH HVWLPDWRUV FRPSDUHG WR LQGLYLGXDOPRGHOV
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H[WHQGV WR FRQGLWLRQV QRW WHVWHG LQ WKLV VWXG\ ,Q SDUWLFXODUZLOO WKLV VWLOO EH WKH FDVH LI WKH
PRGHOVDUHXVHGWRSUHGLFWWKHLPSDFWRIFOLPDWHFKDQJH"
)RU FOLPDWH PRGHOV WKH PDLQ UHDVRQ IRU WKH VXSHULRULW\ RI PXOWLPRGHO HQVHPEOH
HVWLPDWRUV LV WKDWEHWWHUFRYHUDJHRI WKHZKROHSRVVLEOHFOLPDWHSKDVHVSDFHOHDGVWRJUHDWHU
FRQVLVWHQF\ +DJHGRUQ HW DO $QDQDORJRXV DGYDQWDJHKROGV DVZHOO IRUFURSPRGHO
HQVHPEOHV WKH\ KDYH PRUH DVVRFLDWHG NQRZOHGJH DQG UHSUHVHQW PRUH SURFHVVHV WKDQ DQ\
LQGLYLGXDOPRGHO(DFKRIWKHLQGLYLGXDOPRGHOVKDVEHHQGHYHORSHGDQGFDOLEUDWHGEDVHGRQD
OLPLWHGGDWDVHW7KHHQVHPEOHVLPXODWRUVDUHLQDVHQVHDYHUDJLQJRYHUWKHVHGDWDVHWVZKLFK
JLYHV WKHP WKHDGYDQWDJHRIDPXFKEURDGHUGDWDEDVH WKDQDQ\ LQGLYLGXDOPRGHO DQG WKXV
UHGXFHVWKHQHHGIRUVLWHDQGYDULHWDOVSHFLILFPRGHOFDOLEUDWLRQ
7KH XVH RI HQVHPEOH HVWLPDWRUV WR DQVZHU QHZ TXHVWLRQV LQ WKH IXWXUH SRVHV VSHFLILF
TXHVWLRQV UHJDUGLQJ WKHEHVWSURFHGXUH IRUFUHDWLQJDQHQVHPEOH6HYHUDORI WKHVHTXHVWLRQV
KDYHEHHQGHEDWHGLQWKHFOLPDWHVFLHQFHFRPPXQLW\.QXWWLEXWQRWDOZD\VLQDZD\
WKDW LVGLUHFWO\DSSOLFDEOH WRFURSPRGHOV2QHTXHVWLRQ LVKRZSHUIRUPDQFHYDULHVZLWK WKH
QXPEHURIPRGHOVLQWKHHQVHPEOH+HUHZHIRXQGWKDWWKHFKDQJHLQHQVHPEOHHUURU 
06(0 
ZLWKWKHQXPEHURIPRGHOLQWKHHQVHPEOH 
0 IROORZVWKHH[SHFWDWLRQRI06(7KXVZKHQ
SODQQLQJHQVHPEOHVWXGLHVRQHFDQHVWLPDWHWKHSRWHQWLDOUHGXFWLRQLQ 
06(0 DQGWKHUHIRUH
GRDFRVWVYVEHQHILWV DQDO\VLV IRU LQFUHDVLQJ 
0  ,Q WKHHQVHPEOH VWXGLHGKHUHIRUDOO WKH
YDULDEOHV06(IRUDQHQVHPEOHRIPRGHOVZDVFORVHWRWKHDV\PSWRWLFOLPLWIRUYHU\ODUJH

0 
2WKHU TXHVWLRQV LQFOXGH KRZ WR FKRRVH WKHPRGHOV LQ WKH HQVHPEOH DQG ZKHWKHU RQH
VKRXOG ZHLJKW WKH PRGHOV LQ WKH HQVHPEOH GLIIHUHQWO\ EDVHG RQ SDVW SHUIRUPDQFH DQG
FRQYHUJHQFHIRUQHZVLWXDWLRQV 7HEDOGL	.QXWWL ,Q WKLV UHVSHFW WKHFURSPRGHOLQJ
FRPPXQLW\PLJKWHPSOR\VRPHRIWKHHQVHPEOHZHLJKWLQJPHWKRGVGHYHORSHGE\WKHFOLPDWH
PRGHOLQJFRPPXQLW\ &KULVWHQVHQHWDO7KHUHDUHDOVRTXHVWLRQVDERXW WKHSRVVLEOH
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
PXOWLSOHXVHVRIPRGHOV:RXOGLWEHDGYDQWDJHRXVWRKDYHPXOWLSOHVLPXODWLRQVEDVHGRQD
GLYHUVLW\ RI LQLWLDO FRQGLWLRQV LQFOXGLQJ µVSLQXS¶ SHULRGV IRU PRGHOV WKDW GHSHQG RQ
VLPXODWLRQRIFKDQJHVLQVRLORUJDQLFPDWWHURUPXOWLSOHSDUDPHWHUVHWVIURPHDFKPRGHO",Q
DQ\ FDVH WKH ILUVW VWHS LV WR GRFXPHQW WKH DFFXUDF\ RIPXOWLPRGHO HQVHPEOH HVWLPDWRUV LQ
VSHFLILFVLWXDWLRQVDVGRQHKHUH
,Q VXPPDU\E\ UHGXFLQJVLPXODWLRQHUURUDQG LPSURYLQJ WKHFRQVLVWHQF\RI VLPXODWLRQ
UHVXOWVIRUPXOWLSOHYDULDEOHVFURSPRGHOHQVHPEOHVFRXOGVXEVWDQWLDOO\LQFUHDVHWKHUDQJHRI
TXHVWLRQVWKDWFRXOGEHDGGUHVVHG$ODFNRIFRUUHODWLRQEHWZHHQHQGRIVHDVRQDQGLQVHDVRQ
HUURUV LQ WKH LQGLYLGXDO PRGHOV LQGLFDWHV WKDW IXUWKHU ZRUN LV QHHGHG WR LPSURYH WKH
UHSUHVHQWDWLRQRIWKHG\QDPLFVRIJURZWKDQGGHYHORSPHQWSURFHVVHVOHDGLQJWR*<LQFURS
PRGHOV 7KLV LV FUXFLDO IRU WKHLU DSSOLFDWLRQ XQGHU FKDQJHG FOLPDWLF RU PDQDJHPHQW
FRQGLWLRQV
0RVWRIWKHSK\VLFDODQGSK\VLRORJLFDOSURFHVVHVWKDWDUHVLPXODWHGLQZKHDWPRGHOVDUH
WKHVDPHDVIRURWKHUFURSV,QIDFWVHYHUDORIWKHPRGHOVLQWKLVVWXG\KDYHDJHQHULFVWUXFWXUH
VR WKDW WKH\FDQEHDSSOLHG WRYDULRXVFURSV DQG IRU VRPHRI WKHP WKHGLIIHUHQFHVEHWZHHQ
FURSV DUH VLPSO\ LQ WKH SDUDPHWHU YDOXHV ,W LV WKXV UHDVRQDEOH WR H[SHFW WKDW WKH UHVXOWV
REWDLQHGKHUHIRUZKHDWDUHEURDGO\DSSOLFDEOHWRRWKHUFURSVSHFLHV,WZRXOGEHZRUWKZKLOH
WRVWXG\ZKHWKHUWKHVHUHVXOWVDOVRDSSO\PRUHJHQHUDOO\WRELRORJLFDODQGHFRORJLFDOV\VWHP
PRGHOV
$FNQRZOHGJHPHQWV
30LVJUDWHIXOWRWKH,15$PHWDSURJUDP³$GDSWDWLRQRI$JULFXOWXUHDQG)RUHVWVWR&OLPDWH
&KDQJH´DQG(QYLURQPHQWDQG$JURQRP\'LYLVLRQIRUVXSSRUWLQJVHYHUDOVWD\VDWWKH
8QLYHUVLW\RI)ORULGDGXULQJWKLVZRUN 
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5HIHUHQFHV
$KXMD /50D/ $ V\QWKHVLV RI FXUUHQW SDUDPHWHUL]DWLRQ DSSURDFKHV DQG QHHGV IRU
IXUWKHU LPSURYHPHQWV ,Q 0HWKRGV RI LQWURGXFLQJ V\VWHP PRGHOV LQWR DJULFXOWXUDO
UHVHDUFK HGV $KXMD /5 0D / SS  0DGLVRQ :, $PHULFDQ 6RFLHW\ RI
$JURQRP\&URS6FLHQFH6RFLHW\RI$PHULFD6RLO6FLHQFH6RFLHW\RI$PHULFD
$QJXOR&5|WWHU5/RFN5(QGHUV$)URQ]HN6(ZHUW),PSOLFDWLRQRIFURSPRGHO
FDOLEUDWLRQ VWUDWHJLHV IRU DVVHVVLQJ UHJLRQDO LPSDFWV RI FOLPDWH FKDQJH LQ (XURSH
$JULFXOWXUDODQG)RUHVW0HWHRURORJ\
$VVHQJ6(ZHUW)5RVHQ]ZHLJ&HWDO8QFHUWDLQW\LQVLPXODWLQJZKHDW\LHOGVXQGHU
FOLPDWHFKDQJH1DWXUH&OLPDWH&KDQJH
$VVHQJ6.HDWLQJ%$)LOOHU\,53HWDO3HUIRUPDQFHRIWKH$36,0ZKHDWPRGHOLQ
:HVWHUQ$XVWUDOLD)LHOG&URSV5HVHDUFK
%DVVX6%ULVVRQ1'XUDQG-/HWDO+RZGRYDULRXVPDL]HFURSPRGHOVYDU\LQWKHLU
UHVSRQVHVWRFOLPDWHFKDQJHIDFWRUV"*OREDO&KDQJH%LRORJ\LQSUHVV
%HUWLQ 1 0DUWUH 3 *HQDUG 0 4XLORW % 6DORQ &  8QGHU ZKDW FLUFXPVWDQFHV FDQ
SURFHVVEDVHG VLPXODWLRQ PRGHOV OLQN JHQRW\SH WR SKHQRW\SH IRU FRPSOH[ WUDLWV" &DVH
VWXG\RIIUXLWDQGJUDLQTXDOLW\WUDLWV-RXUQDORI([SHULPHQWDO%RWDQ\
%ORRP'(%LOOLRQDQG&RXQWLQJ6FLHQFH
%RVLORYLFK0*5REHUWVRQ)5&KHQ-<*OREDOHQHUJ\DQGZDWHUEXGJHWVLQ0(55$
-RXUQDORI&OLPDWH
&KDOOLQRU$0DUWUH3$VVHQJ67KRUQWRQ3(ZHUW) 0DNLQJ WKHPRVW RIFOLPDWH
LPSDFWVHQVHPEOHV1DWXUH&OLPDWH&KDQJH
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
&KDOOLQRU$-:KHHOHU7+HPPLQJ'8SDGK\D\D+'(QVHPEOH\LHOG VLPXODWLRQV
FURS DQG FOLPDWH XQFHUWDLQWLHV VHQVLWLYLW\ WR WHPSHUDWXUH DQG JHQRW\SLF DGDSWDWLRQ WR
FOLPDWHFKDQJH&OLPDWH5HVHDUFK
&KULVWHQVHQ -+ .MHOOVWU|P ( *LRUJL ) /HQGHULQN * 5XPPXNDLQHQ 0  :HLJKW
DVVLJQPHQWLQUHJLRQDOFOLPDWHPRGHOV&OLPDWH5HVHDUFK
'DOPDVVR&%URsW30RUHDX7$VLPSOHSURFHGXUHIRUHVWLPDWLQJWKHIDOVHGLVFRYHU\
UDWH%LRLQIRUPDWLFV
(DVWHUOLQJ :( $JJDUZDO 3. %DWLPD 3 HW DO  )RRG ILEUH DQG IRUHVW SURGXFWV ,Q
&OLPDWH &KDQJH  ,PSDFWV $GDSWDWLRQ DQG 9XOQHUDELOLW\ &RQWULEXWLRQ RI:RUNLQJ
*URXS ,, WR WKH )RXUWK $VVHVVPHQW 5HSRUW RI WKH LQWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH
&KDQJH HGV 3DUU\0/ &DQ]LDQL 2) 3DOXWLNRI -39DQ'H /LQGHQ 3 +DQVRQ&( SS
±&DPEULGJH8.&DPEULGJH8QLYHUVLW\3UHVV
)DRVWDW  )RRG DQG $JULFXOWXUDO RUJDQL]DWLRQ RI WKH 8QLWHG 1DWLRQV )$2 )$2
6WDWLVWLFDO'DWDEDVHVDSSVIDRRUJ!
)RXONHV 0- 6ODIHU *$ 'DYLHV :- HW DO  5DLVLQJ \LHOG SRWHQWLDO RI ZKHDW ,,,
2SWLPL]LQJ SDUWLWLRQLQJ WR JUDLQ ZKLOH PDLQWDLQLQJ ORGJLQJ UHVLVWDQFH -RXUQDO RI
([SHULPHQWDO%RWDQ\
*RGIUD\+&-%HGGLQJWRQ-5&UXWH,5HWDO)RRGVHFXULW\WKHFKDOOHQJHRIIHHGLQJ
ELOOLRQSHRSOH6FLHQFH
*RQ]DOH]'XJR9'XUDQG-/*DVWDO):DWHUGHILFLWDQGQLWURJHQQXWULWLRQRIFURSV
$UHYLHZ$JURQRP\IRU6XVWDLQDEOH'HYHORSPHQW
*UHQRXLOOHW * %XLVVRQ / &DVDMXV 1 /HN 6  (QVHPEOH PRGHOOLQJ RI VSHFLHV
GLVWULEXWLRQWKHHIIHFWVRIJHRJUDSKLFDODQGHQYLURQPHQWDOUDQJHV(FRJUDSK\
Page 25 of 49 Global Change Biology
For Review Only


*URRW --59HUEHUQH (/-  5HVSRQVH RIZKHDW WR QLWURJHQ IHUWLOL]DWLRQ D GDWD VHW WR
YDOLGDWHVLPXODWLRQPRGHOVIRUQLWURJHQG\QDPLFVLQFURSDQGVRLO,Q1LWURJHQ7XUQRYHU
LQWKH6RLO&URS6\VWHP0RGHOOLQJRI%LRORJLFDO7UDQVIRUPDWLRQV7UDQVSRUWRI1LWURJHQ
DQG1LWURJHQ8VH(IILFLHQF\3URFHHGLQJVRID:RUNVKRSHGV*URRW--5'H:LOOLJHQ3
9HUEHUQH(/-SS,QVWLWXWHIRU6RLO)HUWLOLW\5HVHDUFK+DUHQ7KH1HWKHUODQGV
+DJHGRUQ7'REODV5H\HV)-3DOPHU717KHUDWLRQDOHEHKLQGWKHVXFFHVVRIPXOWL
PRGHOHQVHPEOHVLQVHDVRQDOIRUHFDVWLQJ±,%DVLFFRQFHSW7HOOXV$
-XVWHV ( 0DU\ %0H\QDUG -00DFKHW -0 7KHOLHU+XFKH /  'HWHUPLQDWLRQ RI D
FULWLFDOQLWURJHQGLOXWLRQFXUYHIRUZLQWHUZKHDWFURSV$QQ%RW
.HUVHEDXP.+HFNHU-00LUVFKHO::HJHKHQNHO00RGHOOLQJZDWHUDQGQXWULHQW
G\QDPLFV LQ VRLO±FURS V\VWHPV D FRPSDULVRQ RI VLPXODWLRQPRGHOV DSSOLHG RQ FRPPRQ
GDWDVHWV,Q0RGHOOLQJZDWHUDQGQXWULHQWG\QDPLFVLQVRLO±FURSV\VWHPVHGV.HUVHEDXP
.+HFNHU-00LUVFKHO::HJHKHQNHO0SS6SULQJHU1HWKHUODQGV
.QXWWL57KHHQGRIPRGHOGHPRFUDF\"$QHGLWRULDOFRPPHQW&OLPDWLF&KDQJH

.R-$KXMD/.LPEDOO%HWDO6LPXODWLRQRIIUHHDLU&2HQULFKHGZKHDWJURZWKDQG
LQWHUDFWLRQVZLWKZDWHUQLWURJHQDQG WHPSHUDWXUH$JULFXOWXUDODQG)RUHVW0HWHRURORJ\

/HPDLUH**DVWDO)1XSWDNHDQGGLVWULEXWLRQLQSODQWFDQRSLHV,Q'LDJQRVLVRIWKH
QLWURJHQVWDWXVLQFURSVHG/HPDLUH*SS%HUOLQ*HUPDQ\6SULQJHU9HUODJ
/HPDLUH * -HXIIUR\0+ *DVWDO )  'LDJQRVLV WRRO IRU SODQW DQG FURS 1 VWDWXV LQ
YHJHWDWLYH VWDJH 7KHRU\ DQG SUDFWLFHV IRU FURS 1 PDQDJHPHQW (XURSHDQ -RXUQDO RI
$JURQRP\
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
/REHOO'%6FKOHQNHU:&RVWD5REHUWV-&OLPDWHWUHQGVDQGJOREDOFURSSURGXFWLRQ
VLQFH6FLHQFH
1DYHHQ  (YDOXDWLRQ RI VRLO ZDWHU VWDWXV SODQW JURZWK DQG FDQRS\ HQYLURQPHQW LQ
UHODWLRQWRYDULDEOHZDWHUVXSSO\WRZKHDW8QSXEOLVKHG3K',$5,1HZ'HOKL
3DORVXR7.HUVHEDXP.&$QJXOR&HWDO6LPXODWLRQRIZLQWHUZKHDW\LHOGDQGLWV
YDULDELOLW\ LQ GLIIHUHQW FOLPDWHV RI (XURSH $ FRPSDULVRQ RI HLJKW FURS JURZWK PRGHOV
(XURSHDQ-RXUQDORI$JURQRP\
3RUWHU -5 6HPHQRY 0$  &URS UHVSRQVHV WR FOLPDWLF YDULDWLRQ 3KLORVRSKLFDO
7UDQVDFWLRQVRIWKH5R\DO6RFLHW\RI/RQGRQ%%LRORJLFDO6FLHQFHV
5 &RUH 7HDP  5 $ ODQJXDJH DQG HQYLURQPHQW IRU VWDWLVWLFDO FRPSXWLQJ 9LHQQD
$XVWULD5)RXQGDWLRQIRU6WDWLVWLFDO&RPSXWLQJ
5lLVlQHQ - 3DOPHU 71 $ SUREDELOLW\ DQG GHFLVLRQPRGHO DQDO\VLV RI DPXOWLPRGHO
HQVHPEOHRIFOLPDWHFKDQJHVLPXODWLRQV-RXUQDORI&OLPDWH
5RVHQ]ZHLJ & (OOLRWW - 'HU\QJ ' HW DO D $VVHVVLQJ DJULFXOWXUDO ULVNV RI FOLPDWH
FKDQJHLQWKHVWFHQWXU\LQDJOREDOJULGGHGFURSPRGHOLQWHUFRPSDULVRQ3URFHHGLQJVRI
WKH1DWLRQDO$FDGHP\RI6FLHQFHV
5RVHQ]ZHLJ&-RQHV-:+DWILHOG-/HWDOE7KH$JULFXOWXUDO0RGHO,QWHUFRPSDULVRQ
DQG ,PSURYHPHQW 3URMHFW $J0,3 3URWRFROV DQG SLORW VWXGLHV$JULFXOWXUDO DQG)RUHVW
0HWHRURORJ\
5|WWHU53&DUWHU752OHVHQ -(3RUWHU -5 &URSFOLPDWHPRGHOVQHHG DQRYHUKDXO
1DWXUH&OLPDWH&KDQJH
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
5|WWHU 53 3DORVXR 7 .HUVHEDXP .& HW DO  6LPXODWLRQ RI VSULQJ EDUOH\ \LHOG LQ
GLIIHUHQW FOLPDWLF ]RQHV RI 1RUWKHUQ DQG &HQWUDO (XURSH $ FRPSDULVRQ RI QLQH FURS
PRGHOV)LHOG&URSV5HVHDUFK
6WDFNKRXVH33UHGLFWLRQRIZRUOGZLGHHQHUJ\UHVRXUFHVKWWSSRZHUODUFQDVDJRY
6\OYHVWHU%UDGOH\55LIINLQ32¶OHDU\*'HVLJQLQJUHVRXUFHHIILFLHQW LGHRW\SHVIRU
QHZ FURSSLQJ FRQGLWLRQV :KHDW 7ULWLFXP DHVWLYXP / LQ WKH +LJK 5DLQIDOO =RQH RI
VRXWKHUQ$XVWUDOLD)LHOG&URSV5HVHDUFK
7HEDOGL & .QXWWL 5  7KH XVH RI WKH PXOWLPRGHO HQVHPEOH LQ SUREDELOLVWLF FOLPDWH
SURMHFWLRQV3KLORVRSKLFDO 7UDQVDFWLRQV RI WKH 5R\DO 6RFLHW\ $0DWKHPDWLFDO 3K\VLFDO
DQG(QJLQHHULQJ6FLHQFHV
7UDYDVVR0,0DJULQ*25RGUtJXH]5*URQGRQD02&RPSDULQJ&(5(6ZKHDWDQG
68&526LQWKH$UJHQWLQHDQ&HUHDO5HJLRQ,Q02'6,0,QWHUQDWLRQDO&RQJUHVV
RQ 0RGHOOLQJ DQG 6LPXODWLRQ HGV =HUJHU $ $UJHQW 50 SS  0RGHOOLQJ DQG
6LPXODWLRQ6RFLHW\RI$XVWUDOLDDQG1HZ=HDODQG
7UHZDYDV$$EULHIKLVWRU\RIV\VWHPVELRORJ\HYHU\REMHFWWKDWELRORJ\VWXGLHVLVD
V\VWHPRIV\VWHPV)UDQFRLV-DFRE3ODQW&HOO
7XELHOOR)16RXVVDQD-)+RZGHQ60&URSDQGSDVWXUHUHVSRQVHWRFOLPDWHFKDQJH
3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHV
:DOODFK '  (YDOXDWLQJ FURSPRGHOV ,Q:RUNLQJ ZLWK '\QDPLF &URS0RGHOV HGV
:DOODFK'0DNRZVNL'-RQHV-:SS$PVWHUGDP7KH1HWKHUODQGV(OVHYLHU
:DOODFK'&URS0RGHO&DOLEUDWLRQ$6WDWLVWLFDO3HUVSHFWLYH$JURQRP\-RXUQDO

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:KLWH -: +RRJHQERRP * .LPEDOO %$:DOO *: 0HWKRGRORJLHV IRU VLPXODWLQJ
LPSDFWVRIFOLPDWHFKDQJHRQFURSSURGXFWLRQ)LHOG&URSV5HVHDUFK
 
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6XSSRUWLQJ,QIRUPDWLRQ
$GGLWLRQDO6XSSRUWLQJ,QIRUPDWLRQPD\EHIRXQGLQWKHRQOLQHYHUVLRQRIWKHDUWLFOH
7DEOH6'HWDLOVRIWKHH[SHULPHQWDOVLWHVDQGH[SHULPHQWVSURYLGHGWRWKHPRGHOHUV
7DEOH61DPHUHIHUHQFHDQGVRXUFHRIWKHZKHDWFURSPRGHOVXVHGLQWKLVVWXG\
7DEOH 6 5RRW PHDQ VTXDUH UHODWLYH HUURU 5065( IRU LQVHDVRQ DQG HQGRIVHDVRQ
YDULDEOHV
7DEOH65RRWPHDQVTXDUHHUURU506(IRULQVHDVRQDQGHQGRIVHDVRQYDULDEOHV
)LJXUH6:HDWKHUGDWDDWWKHIRXUVWXGLHGVLWHV
)LJXUH6&RUUHODWLRQPDWUL[IRU3HDUVRQ¶VSURGXFWPRPHQWFRUUHODWLRQUEHWZHHQWKHURRW
PHDQVTXDUHGUHODWLYHHUURURIVLPXODWHGYDULDEOHV 
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)LJXUH&DSWLRQV
)LJ0HDVXUHGDQG VLPXODWHGYDOXHVRI ILYH LQVHDVRQZKHDW FURSYDULDEOHV IRU IRXU
VLWHV DG /HDI DUHD LQGH[ /$, HK SODQWDYDLODEOH VRLO ZDWHU 3$6: LO WRWDO
DERYHJURXQGELRPDVV$*%0PSWRWDODERYHJURXQGQLWURJHQ$*1DQGTWQLWURJHQ
QXWULWLRQ LQGH[ 11, YHUVXV GD\V DIWHU VRZLQJ LQ 7KH1HWKHUODQGV 1/$UJHQWLQD $5
,QGLD,1DQG$XVWUDOLD$86\PEROVDUHVLQJOHPHDVXUHPHQWVDQGVROLGOLQHVDUHPHGLDQV
RIWKHVLPXODWLRQVLHHPHGLDQ'DUNJUH\DUHDVLQGLFDWHWKHWKWRWKSHUFHQWLOHUDQJH
DQG OLJKW JUH\ DUHDV WKH WK WR WK SHUFHQWLOH UDQJH RI WKH YDOXHV JHQHUDWHG E\ GLIIHUHQW
ZKHDW FURS PRGHOV 7ZHQW\VHYHQ PRGHOV ZHUH XVHG WR VLPXODWH /$, DQG $*%0  WR
VLPXODWH3$6:WRVLPXODWH$*1DQG11,,QHK WKHKRUL]RQWDOUHGOLQHVLQGLFDWH
VRLOZDWHUGHILFLW
)LJ0HDVXUHGDQGVLPXODWHGYDOXHVRIWZRPDMRUHQGRIVHDVRQZKHDWFURSYDULDEOHV
IRUIRXUVLWHV0HDVXUHGUHGFURVVHVDQGVLPXODWHGER[SORWVYDOXHVIRUHQGRIVHDVRQD
JUDLQ\LHOG *<DQGEJUDLQSURWHLQFRQFHQWUDWLRQ*3&DUH VKRZQIRU7KH1HWKHUODQGV
1/ $UJHQWLQD $5 ,QGLD ,1 DQG $XVWUDOLD $8 6LPXODWLRQV DUH IURP  GLIIHUHQW
ZKHDWFURSPRGHOV IRU*<DQG IRU*3&%R[HV VKRZ WKHWK WRWKSHUFHQWLOH UDQJH
KRUL]RQWDO OLQHV LQER[HVVKRZPHGLDQVDQGHUURUEDUVRXWVLGHER[HVVKRZWKHWKWRWK
SHUFHQWLOHUDQJH
)LJ:KHDWFURSPRGHOHUURUVIRULQVHDVRQDQGHQGRIVHDVRQYDULDEOHVD5RRWPHDQ
VTXDUHGUHODWLYHHUURU5065(DQGEURRWPHDQVTXDUHGHUURU506(IRU LQVHDVRQOHDI
DUHD LQGH[ /$, SODQWDYDLODEOH VRLOZDWHU 3$6: WRWDO DERYHJURXQG ELRPDVV $*%0
WRWDO DERYH JURXQG QLWURJHQ $*1 QLWURJHQ QXWULWLRQ LQGH[ 11, DQG IRU HQGRIVHDVRQ
JUDLQ \LHOG *< ELRPDVV KDUYHVW LQGH[ +, JUDLQ QLWURJHQ \LHOG *1 QLWURJHQ KDUYHVW
LQGH[ 1+, DQG JUDLQ SURWHLQ FRQFHQWUDWLRQ *3& 7ZHQW\VHYHQ PRGHOV ZHUH XVHG WR
VLPXODWH/$,$*%0*<DQG+,WRVLPXODWH$*1*1*3&DQG11,WRVLPXODWH
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3$6:DQGWRVLPXODWH1+,,QD IRU*<WKHPRGHOVDUHVRUWHGIURPOHIW WRULJKW LQ WKH
RUGHURILQFUHDVLQJ506(DQGWKLVRUGHURIPRGHOVZDVXVHGWRSORWDOORWKHUYDULDEOHV7KH
KRUL]RQWDO VROLG EOXH OLQH VKRZV 506( RU 5056( DYHUDJHG RYHU DOO PRGHOV DQG WKH
KRUL]RQWDO UHG OLQH VKRZV 506( RU 5056( IRU WKH PHGLDQ VLPXODWLRQ RI DOO PRGHOV H
PHGLDQ
)LJ  &RUUHODWLRQPDWUL[ IRU 3HDUVRQ¶V SURGXFWPRPHQW FRUUHODWLRQ U EHWZHHQ WKH
URRWPHDQVTXDUHGHUURURIVLPXODWHGYDULDEOHV,QVHDVRQYDULDEOHVOHDIDUHDLQGH[/$,
SODQWDYDLODEOHVRLOZDWHU3$6:WRWDODERYHJURXQGELRPDVV$*%0WRWDODERYHJURXQG
QLWURJHQ$*1QLWURJHQQXWULWLRQ LQGH[ 11,(QGRIVHDVRQYDULDEOHVJUDLQ\LHOG *<
ELRPDVV KDUYHVW LQGH[ +, JUDLQ QLWURJHQ \LHOG *1 QLWURJHQ KDUYHVW LQGH[ 1+, DQG
JUDLQSURWHLQFRQFHQWUDWLRQ*3&7ZHQW\VHYHQPRGHOVZHUHXVHGWRVLPXODWH/$,$*%0
*< DQG +,  WR VLPXODWH $*1 *1 *3& DQG 11,  WR VLPXODWH 3$6: DQG  WR
VLPXODWH1+,7KHQXPEHUVDERYHWKHGLDJRQDOJDSDUHUYDOXHVDQGWKHQXPEHUVEHORZDUH
RQHVLGHGTYDOXHVDGMXVWHG3YDOXHVIRUIDOVHGLVFRYHU\UDWH7KHFRORUIRUUYDOXHVRQO\
DQG WKH VKDSHRI WKHHOOLSVHV LQGLFDWH WKH VWUHQJWK WKHQDUURZHU WKHHOOLSVH WKHKLJKHU WKHU
YDOXHDQGWKHGLUHFWLRQRIWKHFRUUHODWLRQUHVSHFWLYHO\
)LJ+RZWKHQXPEHURIPRGHOV LQDQHQVHPEOHDIIHFWVHUURUHVWLPDWHV$YHUDJHURRW
PHDQ VTXDUHG HUURU 506(   VG RI HPHDQ DQG HPHGLDQ IRU LQVHDVRQ D OHDI DUHD
LQGH[/$,FSODQWDYDLODEOHVRLOZDWHU3$6:HWRWDODERYHJURXQGELRPDVV$*%0
JWRWDODERYHJURXQGQLWURJHQ$*1DQGLQLWURJHQQXWULWLRQLQGH[11,DQGIRUHQGRI
VHDVRQEJUDLQ\LHOG*<GELRPDVVKDUYHVWLQGH[+,IJUDLQQLWURJHQ\LHOG*1K
QLWURJHQ KDUYHVW LQGH[ 1+, DQG M JUDLQ SURWHLQ FRQFHQWUDWLRQ *3& YHUVXV QXPEHU RI
PRGHOVLQWKHHQVHPEOH9DOXHVDUHFDOFXODWHGEDVHGRQERRWVWUDSVDPSOHV7KHVROLG
OLQH LV WKHDQDO\WLFDO UHVXOW IRU506(DVD IXQFWLRQRI VDPSOHVL]H HTXDWLRQ 7KHEOXH
GDVKHGOLQHVKRZVWKH506(IRUHPHDQDQGWKHUHGGDVKHGOLQHWKH506(IRUHPHGLDQRI
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WKHPXOWLPRGHOHQVHPEOH7KHEODFNGDVKHGOLQHLVWKH506(IRUWKHLQGLYLGXDOPRGHOZLWK
ORZHVWVXPRIUDQNVIRU506()RUYLVXDOFODULW\ WKH506(IRUHPHDQLVSORWWHGIRUHYHQ
QXPEHUVRIPRGHOVDQGWKH506(IRUHPHGLDQIRURGGQXPEHUVRIPRGHOV
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/$,$*%0*<DQG+,IRU3$6:IRU$*1*1*3&DQG11,DQGIRU1+,9DOXHVIRUWKHWKUHHEHVWPRGHOVIRU*<EDVHGRQ
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VLPXODWLRQDUHDOVRJLYHQ'DWDIRUHDFKLQGLYLGXDOPRGHODUHJLYHQLQ7DEOH6LQVXSSOHPHQWDO7KHQXPEHUVLQSDUHQWKHVLVLQGLFDWHWKH
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Table S1. Details of the experimental sites and experiments provided to the modelers. Adapted from Asseng et al. (2013). 
Site 
NL AR IN  AU 
Site description 
Environment High-yielding long-season High/medium-yielding 
medium-season 
Irrigated short-season Low-yielding rain-fed short-
season 
Regional representation Western and northern Europe Argentina, northern China, 
western USA 
India, Pakistan, southern 
China 
Australia, southern Europe, 
northern Africa, South 
Africa, Middle East 
Location name Wageningen ('The Bouwing') 
The Netherlands 
Balcarce 
Argentina 
New Delhi 
India 
Wongan Hills 
Australia 
Coordinates 51° 58’ N, 05° 37’ E 37° 45’ S, 58° 18’ W 28° 22’ N, 77° 7’ E 30° 53’ S, 116° 43’ E 
Soil characteristics 
Soil typea Silty clay loam Clay loam Sandy loam Loamy sand 
Rooting depth (cm) 200 130 160 210 
Apparent bulk density (m3 m-3) 1.35 1.1 1.55 1.41 
Top soil organic matter (%) 2.52 2.55 0.37 0.51 
pH  6.0 6.3 8.3 5.7 
Maximum plant available soil water (mm to 
maximum rooting depth) 
354 222 109 125 
Crop management 
Sowing density (seed m-2) 228 239 250 157 
Cultivar     
Name Arminda Oassis HD2009 Gamenya 
Vernalization requirement High Little None Little 
Daylength response High Moderate None Moderate 
Ploughed crop residue Potato (4 t ha-1) Maize (7 t ha-1) Maize (1.5 t ha-1) Wheat/weeds (1.5 t ha-1) 
Irrigation (mm) 0 0 383 0 
N application (kg N ha-1)  120 (ZC30 b) / 40 (ZC65) 120 (ZC00) 60 (ZC00) / 60 (ZC25) 50 (ZC10) 
Initial top soil mineral N (kg N ha-1) 80 13 25 5 
Sowing date 21 Oct. 1982 10 Aug. 1992 23 Nov. 1984 12 Jun. 1984 
Anthesis date 20 Jun. 1983 23 Nov. 1992 18 Feb. 1985 1 Oct. 1984 
Physiological maturity date 1 Aug. 1983 28 Dec. 1992 3 Apr. 1985 16 Nov. 1984 
a
 Saturated soil water content, drainage upper limit and lower limit to water extraction were provided for 10 to 30-cm thick soil layers down to the maximum rooting depth. 
b
 ZC, Zadoks stage(Zadoks et al., 1974) at application is indicated in parenthesis (ZC00, sowing; ZC10, first leaf through coleoptile; ZC25, main shoot and five tillers; ZC30, 
pseudo stem erection; ZC65, anthesis half-way.  
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Table S2. Name, reference and source of the 27 wheat crop models used in this study. Modified from Asseng et al. (2013). 
Model (version) Reference to model description Documentation/source (web link, e-mail address) 
APSIM-Nwheats (V.1.55) (Asseng et al., 2004, Asseng et al., 1998, Keating et al., 2003) http://www.apsim.info/Wiki/ 
APSIM (V.7.3) (Keating et al., 2003) http://www.apsim.info/Wiki/ 
AquaCrop (V.3.1+) (Steduto et al., 2009) http://www.fao.org/nr/water/aquacrop.html  
CropSyst (V.3.04.08) (Stöckle et al., 2003) http://www.bsyse.wsu.edu/CS_Suite/CropSyst/index.html 
DSSAT-CERES (V.4.0.1.0) (Hoogenboom &  White, 2003, Jones et al., 2003, Ritchie &  Otter, 1985) http://www.icasa.net/dssat/ 
DSSAT-CROPSIM (V.4.5.1.013) (Hunt &  Pararajasingham, 1995, Jones et al., 2003) http://www.icasa.net/dssat/ 
Ecosys (Grant et al., 2011) http://www.rr.ualberta.ca/en/Research/EcosysModellingProject.aspx 
EPIC wheat (V.1102) (Izaurralde et al., 2012, Kiniry et al., 1995, Williams et al., 1989) http://epicapex.brc.tamus.edu/ 
Expert-N (V3.0.10) - CERES (V2.0) (Biernath et al., 2011, Priesack et al., 2006, Stenger et al., 1999) http://www.helmholtz-muenchen.de/en/iboe/expertn/ 
Expert-N (V3.0.10) – GECROS (V1.0) (Biernath et al., 2011, Priesack et al., 2006, Stenger et al., 1999, Yin &  van Laar, 
2005) 
http://www.helmholtz-muenchen.de/en/iboe/expertn/ 
Expert-N (V3.0.10) – SPASS (V2.0) (Biernath et al., 2011, Priesack et al., 2006, Stenger et al., 1999, Wang &  Engel, 
2000) 
http://www.helmholtz-muenchen.de/en/iboe/expertn/ 
Expert-N (V3.0.10) - SUCROS (V2) (Biernath et al., 2011, Goudriaan &  Van Laar, 1994, Priesack et al., 2006, Stenger et 
al., 1999) 
http://www.helmholtz-muenchen.de/en/iboe/expertn/ 
FASSET (V.2.0) (Berntsen et al., 2003, Olesen et al., 2002) http://www.fasset.dk 
GLAM-wheat (V.2) (Challinor et al., 2004, Li et al., 2010) http://www.see.leeds.ac.uk/see-
research/icas/climate_change/glam/glam.html 
HERMES (V.4.26) (Kersebaum, 2007, Kersebaum, 2011) http://www.zalf.de/en/forschung/institute/lsa/forschung/oekomod/hermes 
InfoCrop (V.1) (Aggarwal et al., 2006) Request from nareshkumar.soora@gmail.com 
LINTUL-4 (V.1) (Shibu et al., 2010) http://models.pps.wur.nl/models 
LINTUL -FAST (V.1.0) (Angulo et al., 2013) Request from frank.ewert@uni-bonn.de 
LPJmL (V.3.2) (Bondeau et al., 2007) http://www.pik-potsdam.de/research/projects/lpjweb 
MCWLA-Wheat (V.2.0) (Tao et al., 2009) Request from taofl@igsnrr.ac.cn 
MONICA (V.1.0) (Nendel et al., 2011) http://monica.agrosystem-models.com  
O'Leary-model (V.7) (O'Leary &  Connor, 1996a, O'Leary &  Connor, 1996b) Request from author (gjoleary@yahoo.com) 
SALUS (V.1.0) (Basso et al., 2010, Senthilkumar et al., 2009) http://www.salusmodel.net 
Sirius (V.2010) (Jamieson et al., 2000, Jamieson et al., 1998, Lawless et al., 2005) http://www.rothamsted.ac.uk/mas-models/sirius.html 
SiriusQuality (V.2.0) (Ferrise et al., 2010, He et al., 2012, Martre et al., 2006) http://www1.clermont.inra.fr/siriusquality/ 
STICS (V.1.1) (Brisson et al., 2003, Brisson et al., 2009, Brisson et al., 1998, Brisson et al., 2002) http://www7.avignon.inra.fr/agroclim_stics 
WOFOST (V.7.1) (Boogaard et al., 1998, Van Diepen et al., 1989) http://www.wofost.wur.nl 
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Table S3. Root mean square relative error (RMSRE) for in-season and end-of-season variables. 
Model* 
RMSRE (%)¶ 
In-season   End-of-season Sum of 
rank$ 
LAI PASW AGBM AGN NNI  GY HI GN NHI GPC 
1 199 102 159 472 104   8.1 (1) 57.3 (28) 61.1 (22) 31.1 (15) 57.7 (19) 85/29 
2 398 129 89 76 33  17.4 (9) 19.7 (16) 36.6 (12) 14.6 (3) 25.5 (12) 52/25 
3 246 142 41 67 29  15.6 (6) 9.8 (4) 35.1 (11) 18.8 (6) 23.9 (10) 37/10 
4 716 37 164 NA NA  21.1 (12) 17.4 (15) NA NA NA –/27 
5 319 177 129 NA NA   13.3 (2) 24.3 (20) NA NA NA –/22 
6 171 NA 47 NA NA  19.3 (11) 20.3 (17) NA NA NA –/28 
7 1496 50 132 60 28  23.5 (15) 15.3 (11) 23.2 (6) 18.5 (4) 58.3 (20) 56/26 
8 172 95 114 123 38   13.7 (3) 11.3 (6) 29.5 (7) 19.4 (9) 36.9 (15) 40/9 
9 140 37 67 63 16   14.4 (5) 13.3 (8) 22.2 (2) 22.8 (11) 10.7 (2) 28/13 
10 821 68 542 384 35  16.4 (8) 14.3 (9) 44.1 (17) 28 (14) 26.8 (13) 61/17 
11 692 59 52 49 56  27.8 (17) 23.5 (19) 39.3 (15) 48 (20) 28.8 (14) 85/36 
12 133 45 103 145 48  18.2 (10) 24.5 (21) NA NA NA –/31 
13 745 355 296 74 87  38.2 (22) 25.2 (22) 58 (21) 18.5 (5) 17.4 (5) 75/44 
14 1150 150 53 72 32  42.5 (23) 16.6 (13) 31.6 (9) 19.2 (8) 121.8 (22) 75/36 
15 58 40 84 75 34  22.8 (14) 7 (2) 37.9 (14) 40.3 (19) 23.2 (7) 56/16 
16 219 NA 196 116 42  49.6 (28) 49.5 (26) 55.9 (19) 52.3 (21) 23.3 (8) 102/54 
17 699 97 41 55 36  22.8 (13) 16.7 (14) 22.6 (4) 19.1 (7) 8 (1) 39/27 
18 749 65 126 82 29  43.8 (25) 9.8 (4) 47.1 (18) 32.1 (16) 38.3 (17) 80/29 
19 156 101 187 52 41  30.9 (20) 59.9 (29) 34.5 (10) 27.1 (13) 39.9 (18) 90/49 
20 109 45 356 230 37  33.6 (21) 26.7 (23) 56.6 (20) 34.6 (18) 23.7 (9) 91/44 
21 663 94 69 76 35  28.9 (18) 28.9 (24) 22.9 (5) 21.3 (10) 37.6 (16) 73/42 
22 773 NA 193 192 49  29.9 (19) 11.8 (7) 30 (8) 23.8 (12) 15.3 (4) 50/26 
23 294 40 199 NA NA  45 (26) 44.6 (25) NA NA NA –/51 
24 1085 79 77 73 61  27 (16) 22.3 (18) 37.6 (13) 33.6 (17) 24.8 (11) 75/34 
25 48 59 91 NA NA  43 (24) 15.7 (12) 40.9 (16) NA 64 (21) –/36 
26 75 59 231 NA NA  48.6 (27) 15.3 (10) NA NA NA –/37 
27 1199 NA 306 NA NA  72.6 (29) 53.8 (27) NA NA NA –/56 
e-median 242 64 113 66 25  14 (4) 7.1 (3) 22.5 (3) 13.7 (1) 14.2 (3) 14/7 
e- mean 442 70 133 79 24  15.6 (7) 5.7 (1) 19.5 (1) 14.3 (2) 20.8 (6) 17/8 
Average over 
all models 501 92 154 127 44  29.2 24.3 38.3 27.5 35.3 – 
Results are based on 27 different wheat crop models for LAI, AGBM, GY and HI, 20 for AGN, GN, GPC and NNI, 24 for PASW, and 19 for NHI. 
*
 The models are sorted from top to bottom in the order of increasing RMSE for GY. For each variable the model with the lowest RMSRE is in bold 
type. 
¶
 NA, variables not available for a model. For end-of-season variables, the numbers in parentheses indicate the rank of the models (including e-mean 
and e-median) for each variable. Ranks were not calculated for in-season variables because several of the in-season measurements were very small 
causing large relative errors even the absolute errors were reasonable. Therefore RMSRE for in-season variables should be looked at with caution. 
$
 Sum of rank of RMSRE for end-of-season variables/sum of rank of RMSRE for the variables simulated by all 27 models (i.e., LAI, AGBM, GY, 
HI). For the reason mentioned above the sum of rank did not include in-season variables. 
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Table S4. Root mean square error (RMSE) for in-season and end-of-season variables. 
Model* 
RMSE¶ 
In-season   End-of-season Sum of 
rank$ 
LAI 
(m2 m-2) 
PASW 
(mm) 
AGBM 
(t DM ha-1) 
AGN 
(kg N ha-1) 
NNI 
(-) 
 
GY 
(t DM ha-1) 
HI 
(%) 
GN 
(kg N ha-1) 
NHI 
(%) 
GPC 
(% of grain DM) 
1 2.31 (23) 60 (21) 2.26 (17) 89 (21) 0.92 (22)  0.42 (2) 20.0 (28) 100 (22) 23.6 (18) 6.91 (21) 195/70 
2 1.24 (7) 36 (9) 1.71 (13) 24 (8) 0.26 (8)  0.56 (4) 7.2 (16) 27 (9) 9.1 (2) 2.75 (9) 85/40 
3 1.75 (16) 63 (22) 1.01 (3) 22 (7) 0.21 (4)  0.63 (5) 3.8 (5) 29 (10) 11.7 (5) 2.13 (6) 83/29 
4 1.82 (19) 36 (8) 1.64 (12) NA NA  0.66 (6) 6.3 (13) NA NA NA –/50 
5 1.13 (5) 46 (18) 2.30 (18) NA NA  0.69 (7) 9.9 (24) NA NA NA –/54 
6 1.81 (18) NA 1.41 (7) NA NA  0.74 (8) 7.6 (17) NA NA NA –/50 
7 3.34 (28) 42 (16) 1.44 (9) 17 (4) 0.29 (11)  0.77 (9) 6.2 (12) 21 (3) 11.5 (4) 6.39 (20) 116/58 
8 1.33 (10) 26 (2) 0.97 (2) 30 (10) 0.28 (9)  0.78 (10) 4.0 (6) 20 (2) 13.6 (9) 4.04 (16) 76/28 
9 1.30 (9) 32 (7) 0.87 (1) 14 (2) 0.16 (1)  0.81 (11) 4.6 (9) 20 (1) 14.5 (10) 1.19 (2) 53/30 
10 1.93 (21) 50 (20) 2.58 (23) 55 (19) 0.30 (12)  0.88 (12) 4.6 (8) 39 (15) 19.3 (14) 2.85 (10) 154/64 
11 2.78 (26) 37 (14) 3.16 (28) 61 (20) 0.36 (16)  1.06 (13) 9.1 (22) 49 (18) 34.2 (21) 3.65 (15) 193/89 
12 1.12 (4) 37 (12) 2.15 (15) 32 (13) 0.30 (13)  1.21 (14) 8.1 (18) NA NA NA –/51 
13 4.50 (29) 77 (23) 1.90 (14) 92 (22) 0.79 (21)  1.24 (15) 8.5 (21) 31 (13) 13.5 (7) 2.01 (5) 170/79 
14 1.90 (20) 37 (13) 2.60 (24) 21 (6) 0.20 (3)  1.25 (16) 6.9 (15) 26 (8) 12.1 (6) 13.2 (22) 133/75 
15 1.12 (3) 30 (6) 1.62 (10) 30 (11) 0.20 (2)  1.26 (17) 2.9 (3) 60 (21) 29.2 (19) 3.42 (13) 105/33 
16 0.91 (1) NA 1.43 (8) 39 (15) 0.43 (19)  1.34 (18) 15.5 (26) 51 (19) 33.4 (20) 3.47 (14) –/53 
17 2.99 (27) 45 (17) 1.07 (4) 51 (18) 0.33 (15)  1.34 (19) 6.8 (14) 22 (4) 13.6 (8) 1.04 (1) 127/64 
18 1.45 (11) 37 (11) 2.31 (19) 18 (5) 0.32 (14)  1.35 (20) 3.7 (4) 30 (12) 20.3 (15) 3.36 (12) 123/54 
19 1.63 (14) 27 (4) 2.46 (21) 34 (14) 0.45 (20)  1.36 (21) 18.8 (27) 32 (14) 17.5 (12) 4.35 (17) 164/83 
20 1.53 (13) 41 (15) 2.18 (16) 50 (17) 0.29 (10)  1.43 (22) 8.4 (20) 52 (20) 21.8 (16) 2.70 (8) 157/71 
21 2.23 (22) 25 (1) 2.62 (25) 28 (9) 0.21 (5)  1.56 (23) 9.3 (23) 29 (11) 15.8 (11) 4.55 (18) 148/93 
22 1.75 (17) NA 2.73 (26) 32 (12) 0.36 (17)  1.59 (24) 4.1 (7) 43 (17) 18.0 (13) 1.64 (4) –/74 
23 1.67 (15) 47 (19) 2.47 (22) NA NA  1.61 (25) 14.3 (25) NA NA NA –/87 
24 2.69 (25) 36 (10) 1.64 (11) 47 (16) 0.40 (18)  1.68 (26) 8.1 (19) 25 (7) 22.1 (17) 3.17 (11) 160/81 
25 1.04 (2) 100 (24) 2.42 (20) NA NA  1.80 (27) 4.8 (11) 43 (16) NA 5.73 (19) –/60 
26 1.52 (12) 112 (25) 3.76 (29) NA NA  2.17 (28) 4.8 (10) NA NA NA –/79 
27 2.37 (24) NA 3.07 (27) NA NA  3.63 (29) 20.3 (29) NA NA NA –/109 
e-median 1.20 (6) 27 (3) 1.20 (6) 15 (3) 0.25 (7)  0.41 (1) 2.8 (2) 22 (5) 8.8 (1) 1.57 (3) 37/15 
e- mean 1.29 (8) 27 (5) 1.19 (5) 13 (1) 0.24 (6)  0.49 (3) 2.2 (1) 23 (6) 9.8 (3) 2.32 (7) 45/17 
Average over 
all models 1.90 47 2.07 39 0.35  1.25 8.5 38 18.7 3.93 
– 
Results are based on 27 different wheat crop models for LAI, AGBM, GY and HI, 20 for AGN, GN, GPC and NNI, 24 for PASW, and 19 for NHI. 
*
 The models are sorted from top to bottom in the order of increasing RMSE for GY. For each variable the model with the lowest RMSE is in bold 
type. 
¶
 NA, variables not available for a model. The numbers in parentheses indicate the rank of the models (including e-mean and e-median) for each 
variable.  
$
 Sum of rank of RMSE for all variables/sum of rank of RMSE for the variables simulated by all 27 models (i.e., LAI, AGBM, GY, HI). 
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Figure S1. Weather data at the four studied sites. Mean weekly temperature (solid lines), 
cumulative weekly solar radiation (dashed lines), cumulative weekly rainfall (vertical solid 
bars) and irrigation (vertical open bars) in (a) Wageningen, The Netherlands, (b) Balcarce, 
Argentina, (c) New Delhi, India, and (d) Wongan Hills, Australia. Vertical arrows indicate (a) 
anthesis and (m) physiological maturity dates.  
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Figure S2. Correlation matrix for Pearson’s product-moment correlation (r) between the root 
mean squared relative error of simulated variables. In-season variables: leaf area index (LAI), 
plant-available soil water (PASW), total aboveground biomass (AGBM), total above ground 
nitrogen (AGN), nitrogen nutrition index (NNI). End-of-season variables: grain yield (GY), 
biomass harvest index (HI), grain nitrogen yield (GN), nitrogen harvest index (NHI), and 
grain protein concentration (GPC). Twenty-seven models were used to simulate LAI, AGBM, 
GY, and HI, 20 to simulate AGN, GN, GPC and NNI, 24 to simulate PASW, and 19 to 
simulate NHI. The numbers above the diagonal gap are r values and the numbers below are 
one-sided q-values (adjusted P-values for false discovery rate). The color (for r values only) 
and the shape of the ellipses indicate the strength (the narrower the ellipse the higher the r 
value) and the direction of the correlation, respectively.  
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